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SYNTHESIS AND CHARACTERIZATION STUDIES ON 6B TRANSITION 
METAL CARBIDE REINFORCED Al METAL MATRIX COMPOSITES 
DEVELOPED VIA MECHANICAL ALLOYING AND SINTERING  
SUMMARY 
Growing demands for lightweight and high performance engineering materials have 
drawn a great interest on aluminium-based metal matrix composite (MMCs) 
materials due to their unusual combinations of properties to serve for aerospace, 
defence, automotive industries and structural applications. In this regard, among the 
conventional Al alloys, Al-based MMCs have built up an exceptional category of 
advanced engineering materials exhibiting good wear, corrosion, erosion and heat 
resistance as well as high strength to weight ratio, higher stiffness and hardness. 
 
In the last decade, powder metallurgy techniques and in particular high energy ball 
milling, has been a versatile method to fabricate Al-based MMCs by reinforcing the 
Al matrix with stiffer and stronger additives. Mechanical alloying (MA) process is a 
high energy ball milling technique to fabricate materials exhibiting improved 
properties and higher performance compared with the conventional coarse-grain 
materials through homogenous distribution of reinforcement particles in matrix 
structure, decrease in particle size and work hardening. Up to date, a wide range of 
reinforcements have been successfully used to produce Al-based MMCs with MA 
method such as carbides (SiC, B4C, VC, TiC, Al3C4) nitrides (AlN, Si3N4), borides 
(TiB2) and oxides (Al2O3, SiO2). Furthermore, MA technique has been utilized to 
prepare supersaturated (Al-Cu), amorphous (Al-Fe and Al-C) or metastable 
crystalline alloys and nanocomposite alloys (Al-Mg, Al-Mg-Zr and Al-Ni-Mg-(Cu)). 
 
In the present study, it is aimed to develop and characterize 6B transition metal 
carbide (WC and Mo2C) reinforced Al-Cu based composite powders, their 
consolidated and sintered samples via MA and sintering. Powder blends of 3%, 5% 
and 7% (wt%) reinforced Al-Cu powders were MA’d for 1h, 2h, 3h and 5h. The 
consolidated samples were then sintered at 650oC for 4h. The effect of reinforcement 
amount and MA duration on the microstructural and mechanical properties were 
studied. The MA powders were characterized using X-ray diffraction (XRD), 
scanning electron microscopy (SEM), particle size distribution, BET surface area, 
optical microscope (OM), differential scanning calorimetry (DSC) analyses and 
microhardness measurements. XRD, SEM, OM investigations and microhardness 
tests were performed for microstructural and mechanical characterization of sintered 
samples. Furthermore, the densities of green and sintered samples were measured to 
understand the effect of MA on physical properties.  
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MEKANİK ALAŞIMLAMA VE SİNTERLEME YÖNTEMLERİ İLE 6B 
GEÇİŞ METALİ KARBÜRLERİ PEKİŞTİRİCİLİ Al METAL MATRİS 
KOMPOZİTLERİN GELİŞTİRİLMESİ VE KARAKTERİZASYONU 
ÖZET 
Hafif ve yüksek performans gösteren mühendislik malzemelerine olan yüksek talep, 
alışılmışın dışında özellikleri ve dolayısı ile havacılık, savunma, otomotiv ve yapısal 
uygulamalarda hizmet veren Al esaslı metal matris alaşımlar (MMK) üzerinde büyük 
bir ilginin toplanmasına neden olmuştur. Bu bağlamda, geleneksel Al alaşımları 
içerisinde, yüksek aşınma, korozyon, ısıl dayanım, yüksek dayanım ve hafiflik 
gösteren Al esaslı MMK malzemeler özel bir grup oluşturmuştur.   
Son yıllarda, toz metalurjisi yöntemleri ve özellikle yüksek enerjili bilyalı öğütme, 
sert ve dayanıklı pekiştiriciler kullanarak Al esaslı MMK malzemelerin üretiminde 
çok yönlü bir proses olmuştur. Mekanik alaşımlama (MA), yüksek enerjili bilyalı bir 
öğütme yöntemi olup, pekiştirici fazların yapıda homojen dağılması, partikül 
boyutlarının düşürülmesi ve deformasyon sertleşmesi mekanizmaları dolayısıyla, 
büyük taneli malzemelere göre geliştirilmiş özellikler ve yüksek performans gösteren 
malzemelerin üretimine imkan vermiştir. Şu ana kadar, Al esaslı MMK malzemelerin 
geliştirilmesinde karbür (SiC, B4C, VC, TiC, Al3C4), nitrür (AlN, Si3N4), borür 
(TiB2) ve oksit (Al2O3, SiO2) pekiştiricler yoğunlukla kullanılmıştır. Bunlara ek 
olarak, MA prosesi ile aşırı doymuş (Al-Cu), amorf (Al-Fe ve Al-C) veya yarı kararlı 
kristal alaşımlar ve nanokompozit alaşımlar (Al-Mg, Al-Mg-Zr ve Al-Ni-Mg-(Cu)) 
üretmek de mümkün olmuştur.      
Bu çalışmada 6B geçiş metali karbürleri (WC ve Mo2C) pekiştiricileri kullanılarak, 
Al-Cu esaslı kompozit tozların, bunların kompakt ve sinterlenmiş numunelerinin MA 
ve sinterlenme yöntemleri ile üretilmesi amaçlanmıştır. %3, %5 ve 7% (%ağ.) 
pekiştirici ile karıştırılmış Al-Cu tozları 1, 2, 3 ve 5 saat süresince mekanik 
alaşımlanmıştır ve ardından preslenerek 650oC’de 4 saat boyunca sinterlenmiştir. Bu 
çalışmada pekiştirici miktarı ve MA süresinin, mikroyapı ve mekanik özellikler 
üzerine etkisi incelenmiştir. MA ile üretilmiş tozlar, X-ışınları difraktometresi 
(XRD), taramalı elektron mikroskopu (SEM), partkül boyut dağılımı, BET yüzey 
alanı, optik mikroskop (OM), diferansiyel taramalı kalorimetre (DSC) ve 
mikrosertlik analizleri ile karakterize edilmiştir. Sinterlenmiş numunelerin 
mikroyapısal ve mekanik karakterizasyonu, XRD, SEM, OM analizleri ve 
mikrosertlik ölçümleri ile yapılmıştır. Ayrıca, MA prosesinin fiziksel özelliklere 
etkisinin belirlenmesi adına kompakt ve sinterlenmiş numunelerin özkütleleri 
ölçülmüştür.       
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1.  INTRODUCTION 
In the last decades, the rapid developments in technology and science have set up a 
great deal of attention on developing new generation engineering materials. Among 
the conventional engineering materials, composites are the widely studied group of 
engineering materials due to their unique combinations of properties for the 
applications in aerospace, defence, automotive industries and structural applications 
(Smagorinski et al., 1998, Tavoosi et al., 2008). In quest of this knowledge, Al-based 
metal matrix composites (MMC’s) have an exceptional category since they exhibit 
high strength to weight ratio, higher stiffness and hardness, improved mechanical 
properties, thermal stability at elevated temperatures and high corrosion resistance. 
(Tan et al., 1998; Tavoosi et al., 2008, Smagorinski et al., 1998).  
Recently, powder metallurgy (PM) techniques, especially high energy ball milling 
has provided various advantages in the fabrication of Al-based MMC’s through 
reinforcing the Al matrix with harder ceramic particles. Mechanical alloying (MA) is 
a solid state high energy ball milling process that the powders undergo welding, 
fracturing and rewelding (Suryanarayana, 2001). The homogeneous distribution of 
reinforcement particles in matrix, grain refinement and decrease in particle size 
induced by MA, results in improved material properties and higher performance 
compared with large grain materials (Zhaoa et al., 2005; Ruiz-Navas et al., 2006, 
Miracle, 2005).  
The ductile and soft Al metal is not suitable for applications in which stability at 
elevated temperatures and high strength and stiffness are necessary. Therefore, the Al 
matrix should be reinforced with stiffer, harder and generally refractory ceramic 
particles. Various reinforcement particles have been used to fabricate Al MMC’s 
using the MA technique. The widely used reinforcement particles are carbides: SiC, 
B4C, VC, TiC, Al3C4; nitrides: AlN, Si3N4; borides: TiB2 and oxides: Al2O3, SiO2 
(Tavoosi et al., 2008; Zhaoa et al., 2005; Cambronero et al., 2003; Prabhu et al., 
2006; Smagorinski et al., 1998; Ruiz-Navas et al., 2006; Fogagnolo et al., 2002; 
Besterci, 2006; Tavoosi et al., 2009; Wang, 2008; Oñoro et al., 2009; Parvin et al., 
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2008; Khakbiz et al., 2009; Abdoli et al., 2009; Abdoli et al., 2008). Additionally, the 
Al matrix has also been reinforced with metallic particles to fabricate supersaturated 
(Al-Cu), amorphous (Al-Fe and Al-C) or metastable crystalline and nanocomposite 
(Al-Mg, Al-Mg-Zr and Al-Ni-Mg-Cu) alloys to be used in various applications 
where Al cannot provide the required properties itself (Al-Aqeeli et al., 2008; Wu et 
al,. 1997; Fadeeva et al,. 1996; Fogagnolo et al., 2006; Aravind et al., 2004; Dunnett 
et al., 2008). However the common feature of these studies has been the use of light 
weight reinforcements with high amounts of additives and there has been hardly any 
research performed on the fabrication of Al MMC’s with heavier reinforcement 
particles with low content. Furthermore, in addition to the reinforcement of Al matrix 
individually, there is almost no literature regarding investigations carried on 
reinforcing Al-Cu matrix with such additives. Moreover, there is also no reported 
investigation on the Al-Cu matrix composites reinforced with 6B transition metal 
carbides especially using WC and Mo2C. This thesis aims to address this issues.  
Tungsten carbide (WC) and molybdenum carbide (Mo2C) are 6B transition metal 
carbides and they are known with their superior hardness, wear and corrosion 
resistances and very high melting temperatures (Oyama, 1996; Yan et al., 2004; 
Yang et al., 2007). WC and Mo2C are generally used in cutting tools, refractory 
applications and as thermal barrier and abrasive coatings (Enayati et al., 2009; Qiao 
et al., 2008, Kitada et al., 1984). It is shown elsewhere that Al-W composites can be 
synthesized through MA process, but there is no detailed studies on the 
microstructural evaluation during sintering of the composites (Tang et al., 2002; 
Ding et al., 2008).  There is only one study reporting on the reactions of Al/Mo films 
but the research was not conducted with a powder metallurgy approach (Kitada et al., 
1984). Instead of these studies there are no examples of WC and Mo2C powders used 
as reinforcements in Al-based MMC’s.     
Keeping all the concepts depicted above, the main aim of the present study is to 
develop and characterize 6B transition metal carbide reinforced-namely WC and 
Mo2C-Al-Cu composite powders, their consolidated and sintered samples via the 
mechanical alloying and sintering methods. Al-Cu matrix powders were mixed either 
with 3%, 5% or 7% (wt%) WC or Mo2C powders and MA for 1h, 2h, 3h and 5h and 
subsequently sintered at 650oC for 4h. The effect of MA time and reinforcement 
amount on the mechanical and physical properties of the composites are studied 
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through the microstructural, mechanical and physical characterizations of composite 
powders, green compacts and sintered samples.    
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2.  THEORY 
2.1. Composite Materials 
Composite materials are defined as the materials which have at least two constituents 
designed to serve for a specific application. The main scope to design a composite 
material is to combine the properties of different components in one material because 
none of them has the new properties individually. In other words, composite 
materials are the materials that have better and improved properties compared with 
its components (Ersoy, 2001). The components of a composite material can be 
classified in two subgroups: matrix and reinforcement (Schwartz, 1984). The matrix 
material provides support to the reinforcement materials and keeps them in certain 
positions within the composite. The reinforcements supply the improved mechanical 
and physical properties to enhance matrix properties. 
The use of composite materials is advantageous when a reasonable cost-performance 
relationship is possible. However, in some cases regardless of the cost, using a 
composite material is necessary since the specific property can only be provided by a 
composite material. It is possible to combine metals, ceramics and non-metals and 
hence there is an infinite variation can be designed. Figure 2.1 shows the properties 
of materials that can be used in composite materials design.  
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Figure 2.1: Classification of the composite materials within the group of                 
   materials (Kainer, 2006). 
2.1.1 Metal matrix composites 
Metal matrix composites (MMC) are composite materials which have at least one 
matrix component as metal. Generally the matrix is a ductile metal and they are 
designed for operating at elevated temperatures in which conventional existing 
materials cannot be used (Huda and Hashmi, 1995). The properties of the soft and 
ductile material must be improved for such a usage are presented in figure 2.1. Hence 
some kinds of reinforcements such as carbides, oxides and nitrides are used to 
provide high stiffness and strength, wear and creep resistance and additionally high 
corrosion resistance (Akbulut, 2000). 
There are various advantages of developing MMC’s since they exhibit improved 
properties compared with metals. These advantages can be summarized as following 
(Ibrahim et al., 1991): 
· High elastic modulus, high strength (tensile, wear and creep), 
· Thermal stability at elevated temperatures, 
· Low density (high strength to weight ratio), 
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· Possession of ductility and tougness together with improved strength,  
· Low thermal expansion coefficient, 
· High electrical and thermal conductivity, 
· High corrosion resistance. 
Beside these, low fatigue resistance and the high cost of fabrication of MMC’s are 
the disavantages (Ahlatçı, 2003). 
Up to present time, a wide range of metals have been used as matrix material in 
MMC’s. The metallic matrix has a major function of transferring and distributing the 
stress applied to the reinforcement material. The fabrication technique of MMC, type 
of matrix and the reinforcement are effective on the bonding character between 
matrix and reinforcement and hence on the transfer of the stress to the reinforcement 
(Kainer, 2006). The compatibility between the matrix and the reinforcement material 
has a major importance in composite materials (Keçeli, 2007). In some cases the 
bonding performance can be improved through alloying the matrix. Studies have 
shows that Al and Al alloys are the best matrix materials concerning the bonding, 
cost and the density (Keçeli, 2007).   
Al-, Ti-, Mg-, Ni-, Cu-, Pb-, Fe-, Ag-, Zn-, Sn-based alloys and super alloys are 
mostly used in MMC as matrix materials but among the others Al, Ti and Mg alloys 
are the most popular ones since they have a wide range of application field (Ibrahim 
et al., 1991). 
MMC’s can be classified as particle reinforced metal matrix composites (PRMMC), 
layer composites (laminates), fiber composites and infiltration composites. PRMMCs 
draw a great deal of attention due to their low cost fabrication, good formability and 
machinability and maybe the most important their isotropic properties (Ibrahim et al., 
1991; Tjong and Ma, 2000; Sun et al., 2003). 
2.1.2 Particle reinforced metal matrix composites  
Particle reinforced metal matrix composites (PRMMCs) provide excellent 
combination of microstructures and properties that differ from the properties of 
metals and ceramics alone. Microstructure and the properties of the matrix materials, 
the distribution, size and the shape of the reinforcement particles, and the interfacial 
behaviour between matrix and the reinforcement phase constituents are the main 
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effects on the properties of PRMMCs (Liu et al., 1994). The homogeneous 
distribution of fine and thermally stable ceramic particles results in an optimum 
combination of mechanical properties (Tjong and Ma, 2000).         
PRMMCs can be classified in two subgroups: large particle reinforced and dispersion 
strengthened composites. The two groups can be distinguished by the reinforcement 
type and reinforcing mechanism. In large particle reinforced composites the 
interaction between matrix and the reinforcement is not at atomic or molecular level. 
The reinforcement particles carry an amount of the load via the transferring of stress 
from the matrix to the particles. The final mechanical property of the PRMMC is 
strongly dependent on the bonding between the matrix and particle. The well known 
example of the large particle composites is the cermet which is a mixture of ceramics 
and metals in which it is possible to combine unique properties of both materials 
(Schwartz, 1984). The widely used cermet is the cemented carbide that is built up via 
reinforcing metal matrixs like cobalt or nickel with very hard refractory particles 
such as WC, TiC, Al2O3 or MgO. These composites are perfect materials for cutting 
tools to machine hardened steels. Because the ductile matrix can handle the cutting 
stress whereas the hard particles act as a cutting surface. The ductile matrix also 
gives toughness to composite and particle to particle contacts are diminished. Thus 
the possibility of crack propagation induced by particle particle contacts is decreased. 
Additionally the particulate phases are refractory so the composite can stand to the 
high temperatures occurring as a result of cutting action on materials (Askeland, 
1984; Schwartz, 1984).   
The ductile and soft metals or metal alloys can be strengthened by homogeneous 
distribution of small volume percent of fine particles of a very hard and inert 
material. In the case of dispersion strengthened PRMMCs, the reinforcement particle 
sizes are much smaller compared with large particle composites as well as ranging 
between 0.1 to 0.01 mm. Since the particle sizes are so small, the bonding takes place 
at atomic or molecular level. The hardening mechanism of PRMMCs is very similar 
to precipitation hardening. The distributed small particles act as obstacles for the 
dislocation movement so the hardness, yield and tensile strengths are improved. The 
reinforcement particles can either be carbides, oxides or nitrides (Söyler, 2008). Most 
of the reinforcement particles are inert and have refractory properties and therefore 
the strengthening effect is maintained at elevated temperatures and for extended time 
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periods. Additionally, very small amount of additives (3%) is used in dispersion 
strengthened compared with large particle strengthened composites (70%-90%) 
(Schwartz, 1984; Demirkesen, 2005).  Table 2.1 shows some of the reinforcement 
materials that can be used in PRMMCs.  
Table 2.1: The reinforcement materials that are used in MMCs (Söyler, 2008). 
Material Carbide Nitride Boride Oxide 
Boron B4C BN - - 
Tantalum TaC - - - 
Zirconium ZrC ZrN ZrB2 ZrO2 
Hafnium HfC HfN - HfO2 
Aluminum - AlN - Al2O3 
Silicium SiC Si3N4 - - 
Titanium TiC TiN TiB2 - 
Chromium CrC CrN CrB Cr2O3 
Molybdenum Mo2C, MoC Mo2N, MoN Mo2B, MoB - 
Tungsten W2C, WC W2N, WN W2B, WB - 
Torium - - - ThO2 
2.1.3 Fabrication of particle reinforced metal matrix composites 
PRMMCs can be fabricated by some solid state, liquid phase or two phase processes. 
Molten metal casting, melt infiltration and melt oxidation processes are the liquid 
phase processes. Powder metallurgy especially including high energy milling 
processes are mainly used as solid state methods. Additionally a combination of solid 
and liquid states can be applied such as spray deposition, rheocasting and various co-
depositions of multi-phase materials (Ibrahim et al., 1991). It is important to use the 
proper method concerning desired final properties, size, shape and complexity of the 
material, subsequent processing and overall cost of the method (Lindroos et al., 
2004).   
 Among the various techniques, powder metallurgy (PM) routes are advantageous 
since they are low cost processes and they do not include any melting steps. 
Additionally, complex shaped products can be fabricated through powder metallurgy 
in single step, hence there is no need for subsequent secondary machining or 
treatment which is another economical aspect of PM (Coşkun, 2006). It is maybe the 
most important advantage of PM that it is possible to fabricate PRMMCs with 
homogenously distributed reinforcements. Therefore, composites produced via PM 
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exhibit better mechanical, physical and corrosion properties compared with materials 
fabricated through other conventional methods (Coşkun, 2006). On the other hand, 
the production of refractory materials such as tungsten, molybdenum, niobium and 
tantalum is only possible with PM methods, because of their high melting 
temperatures (Liu et al., 1994). PM is going to be explained in more detail in the next 
section.   
2.2 Powder Metallurgy 
Powder metallurgy (PM) is a versatile metallurgical process to produce materials 
through fusing their powders (Newkirk and Kohser, 2004). Historically, powder 
metallurgy was used simultaneously with the processing of ceramics and metals 
(Söyler, 2008, Sönmez, 2009). In prehistoric times, hard metal and ceramic particles 
were baked to produce bulk materials. For instance, Incans baked gold particles for 
jewellery and Egyptians used iron particles to produce armors. Another interesting 
example is the Delhi monument in India which was built up completely using 
powder processing of iron particles about 1400 years ago. However, in 1920’s 
together with the improvements in technology, hard materials like tungsten carbide 
and porous bronze bushes were produced using modern powder metallurgy routes 
(Upadhyaya, 1996). Currently, it is widely used to produce materials for automotive 
and aerospace industry and especially for the fabrication of hard bulk materials for 
refractory applications, hard metal cutters and armors in defence (German, 1994).        
Among other material processing processes, PM offers many advantages. First of all, 
it is an economical process since there is no need for melting and casting processes. 
Hard materials which have very high melting points can be easily fabricated by PM. 
Hence it saves energy with no pollution and loss of material (Delforge et al., 2006). 
Additionally, PM routes offer the easy production of materials with complex shapes 
and no further machining or secondary processes are needed (Coşkun, 2006). 
Furthermore, metal matrix composites (MMCs) are generally produced using PM 
routes as a consequence of the uniform distribution of particles (Liu et al., 1994). 
Moreover, high density composites exhibiting improved mechanical properties are 
produced by PM that serve in aerospace and automotive applications (Keçeli, 2007). 
Mainly, PM consists of three major processing steps as powder preparation, 
compaction and finally sintering. Soft and ductile powders can be compacted up to 
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their theoretical densities, however for the case of hard and brittle particles, 
polymeric binders are used to increase the compaction density. These binders are 
burned before sintering process to avoid pore formation in the final product. The 
process flow chart of powder metallurgy illustrated in figure 2.2.   
 
Figure 2.2: Process flow chart of powder metallurgy (retrieved from Url-1). 
As seen from figure 2.2, powder preparation is the first step of powder metallurgy 
routes. High purity or alloyed powders are mixed to constitute desired composition 
and then they are compacted to a desired shape and subsequently sintered under a 
controlled atmosphere for densification (Newkirk and Kohser, 2004). Furthermore, 
some secondary operations such as machining, joining, infiltration or surface 
treatments can be applied to fabricate the final product.  
There is a very strong relation between the process variables and the properties of the 
final product. Particle size distribution, morphology, microstructure and powder 
preparation technique, compaction pressure, sintering time and temperature are some 
variables that have influence on the mechanical and physical properties of the final 
product. This relation is shown in figure 2.3. 
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Figure 2.3: Relation of PM process parameters with material properties. 
2.2.1 Starting materials 
The starting materials have a major influence on the success of the PM process and 
hence on the final product properties. Beside chemical composition of powders, 
particle size distributions, particle shape and surface properties should also be 
concerned (Newkirk and Kosher, 2004). Furthermore, thermal stabilities, mechanical 
properties and chemical stabilities of the powders have also effect on the final 
product properties (Liu et al., 1994).  
Metallic powders are generally produced by mechanical milling, chemical reduction, 
electronic precipitation and liquid metal atomization (Lee, 1998). Among the others 
atomization is the widely applied method for powder fabrication. In this method, 
water is sprayed on the melted metal while it is flowing (Söyler, 2008). Consequently 
the melted material rapidly cools down and very small particles solidify. Particles 
with irregular shapes can be produced using water atomization because the cooling 
process takes place very quickly. Additionally, water can oxidize the produced 
powders (Söyler, 2008). However, in the case of using inert gases for atomization, 
the metal will cool down relatively slower respect to using water and thus spherical 
particles can be fabricated. One another method is the pouring of the melted material 
on a spinning disc. The material will be plastered on the chamber walls and solidify 
to form powders (Clyne, 2001). 
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Material Properties 
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Paticle morphology 
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Debinding 
Sintering time 
Sintering temperature 
Density 
Mechanical properties 
Electrical properties 
Magnetic properties 
Wear and corrosion resistance 
  13 
Beside atomization, size reduction of brittle materials using milling, thermal 
decomposition of some carbonyls and hydrides, electrolytic precipitation from 
solvents and solutions and condensation of metal vapours can also be applied for 
powder synthesis (Newkirk and Kohser, 2004). The desired powder properties and 
characteristics play an important role on choosing the proper way for particle 
synthesis.   
2.2.2 Mixing or blending 
The main scope of mixing step in PM is the preparation of a uniform mixture of the 
raw powders. The mechanical properties of final products are strongly affected from 
mixing procedure because it has a critical importance on the homogenous 
distribution of reinforcement particles or alloying elemental powders (Coşkun, 
2006). Dry mixing, wet mixing and ball milling are the techniques that can be used 
for mixing of powders. The particle size and properties have an influence on 
choosing the proper method for mixing (Lindroos et al., 2004). 
The modern mixing or blending methods suffer from segregation and agglomeration 
problems due to the different flow characteristics and surface energies of the 
powders (Lindroos et al., 2004). The particles which have high surface energy will 
agglomerate to decrease the surface area and thus the energy (Coşkun, 2006). On the 
other hand, in the case of mixing particles with different size distributions, the 
smaller particles tend to fill the voids whereas the bigger ones will stay on the top. 
Additionally, if the densities between the mixed particles are bigger, the heavier 
particles will segregate at the bottom whereas the light particles will tend to move 
upwards. Particle shape, size and size distribution, particle density, ratio of the 
components and the electrostatic attraction between the particles are the main factors 
effect on the segregation and agglomeration during the mixing (Lindroos et al., 
2004). 
However, the high energy transfer to the powders which is generally associated with 
the continuous deformation of powders during ball milling procedures diminishes the 
segregation and agglomeration of the powders. In this regard, using a high energy 
ball milling procedure especially using mechanical alloying technique can overcome 
such problems (Liu et al., 1994). Very homogeneous and fine structured powder 
composites can be synthesized with this technique which as discussed in section 2.3. 
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2.2.3 Compaction 
Following mixing and blending of the powders, powder compaction is carried out to 
yield the desired shape of the final product. Compaction process, which has a direct 
effect on the final density and the final structure of the product, is a critical step 
during PM routes. Moreover, compaction is necessary to satisfy enough sample 
strength for the transport of the powders. The general scopes of the compaction 
process can be given as following: 
· Consolidation of the powders to the desired shape, 
· Give enough strength to samples for transport and handling purposes, 
· Provide enough porosity (can be necessary for transition liquid phase 
 sintering), 
· Give the final dimensions of the final product considering also the    
 dimensional changes during sintering (Upadhyaya, 2000). 
There are several parameters affect compaction density. First of all, soft and ductile 
powders can easily be compacted to high densities, however hard and brittle particles 
show a smaller compressibility due to fracturing under pressure. Moreover powders 
that show broad size distributions can be compacted to higher densities because the 
smaller particles can fill the internal voids between the bigger particles. However for 
the case of powders showing narrow size distribution, some pores can be left 
between equally sized particles and thus the compaction will result in smaller density 
(Fogagnolo et al., 2003, Demirkesen, 2005). Furthermore, compaction pressure is 
also effective on the green densities. Higher pressures will increase the density for 
soft and ductile materials but for the case of hard materials, the increase of the 
pressure will result in fracturing and smaller density. On the other hand, the green 
density of the material associated with compaction process will determine the green 
strength of the sample (Lindroos et al., 2004). 
Generally mechanical or hydraulic presses are used for compaction. Certain 
pressures are applied to powders for vacancy filling and consolidation. The applied 
press can be either uniaxial or biaxial as shown in figure 2.4. In one action pressing 
the die walls prevents the uniform pressure distribution which will create a density 
difference between the top and bottom parts of the green compact (Sönmez, 2009). 
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However if the pressing is performed from two sides, the pressure distribution is 
same on the top and bottom sides. Although, density of the compacts is distributed 
more homogeneous than the single axis pressed ones, the middle part of the samples 
is still weak.  
 
Figure 2.4: Uniaxial and biaxial pressing of powders (Upadhyaya, 1996). 
To overcome the heterogeneous pressure distribution problem explained above, 
isostatic pressing techniques (cold, warm and hot isostatic press) can be used (Liu et 
al., 1994).  In this processes the pressure is same in every point of the powders, so 
the consolidation takes place uniformly. The green compacts prepared with these 
methods show better quality and strength.   
2.2.4 Sintering 
The third step of PM process is the sintering of the prepared green compacts. 
Sintering is the densification process of metallic or ceramic particles applying 
thermal energy to fabricate density-controlled materials (Kang, 2005). In particular, 
sintering aims to fill the pores of the green compacts through atomic diffusion 
induced by capillary forces (Chen and Wang, 2000).   
During sintering process, the diffusion process must be activated for densification. 
For this purpose the process temperature is raised under control and generally the 
temperatures bigger than the half of melting point of the material activate diffusion. 
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However, solid state diffusion is faster at temperatures 70-80% of melting points of 
metals and even for refractory materials it can reach 90% of melting point. During 
sintering, bonds are formed at interparticle contacts through atomic movements. 
Mechanically bonded particles bind each other with metallurgical bonds (Newkirk 
and Kohser, 2004). The energy and stress stored in blended powders, the surface area 
and energy of the particles and the curvature of the consolidated powder compact act 
as driving forces for atomic diffusions during sintering (Coşkun, 2006). This process 
is illustrated in figure 2.5.     
 
Figure 2.5: Various sintering mechanisms (Upadhyaya, 2000). 
Sintering can be classified in two groups; solid state sintering and liquid phase 
sintering. Solid state sintering takes place below the melting temperatures in which 
every powder component remains as solid during sintering, whereas liquid phase 
sintering occurs when at least one of the components is in liquid phase. Beside these 
two, also transition liquid phase sintering and viscous phase sintering can be applied 
in temperatures where a liquid phase is formed temporary and fills the vacancies. 
The desired final properties of the product have a strong influence on the sintering 
procedure. Although it is possible to fill the pores more with liquid phase sintering 
and reach high densities, high sample shrinkage, segregation and solidification of 
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bigger grains decrease mechanical properties. The phase diagram given in figure 2.6 
shows the solid state and liquid phase sintering of the materials.  
 
Figure 2.6: Illustration of various types of sintering (Kang, 2005). 
Figure 2.7 shows the microstructures of the materials for solid state sintering and 
liquid phase sintering. The differences of grain sizes and difference in pore 
distribution is clearly visible which were explained above. 
    
Figure 2.7: Microstructures of samples after a) solid state sintering, b) liquid phase                                   
 sintering (Kang, 2005).  
Sintering process is strongly affected by sintering temperature, sintering time and the 
compact density. An increase in the sintering temperature generally increases the 
sintering rate and the sintered density of the samples due to the easier diffusion of the 
atoms. Increasing sintering time also increases the sintering rate but diffusion is 
effected more from the temperature. Hence it can be deduced that increasing the 
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sintering temperature rather than increasing the sintering time is more convenient to 
reach high sinter densities. However, higher sintering temperatures also results in 
grain growth and low final mechanical properties. Additionally, a smaller green 
density provides more surface area to enhance sintering and thus high densification, 
but higher sintered densities can still be obtained from higher green densities 
(Sönmez, 2009).   
The sintering conditions have a major effect on the final properties of the materials. 
As explained above a suitable sintering temperature and time combination must be 
chosen for densification for improved mechanical, thermal, electrical and corrosion 
properties. 
2.3 Mechanical Alloying 
In the last decades, there is a great attention on developing high performance 
materials exhibiting improved mechanical, chemical and physical properties. 
Chemical routes, conventional thermal treatments, mechanical and 
thermomechanical processing methods are widely used to develop such materials. 
Further demands for advanced materials set up new techniques such as rapid 
solidification from liquid state, plasma processing, vapour deposition and mechanical 
alloying. However, processes which are taking place at non-equilibrium conditions 
offer production of high performance materials with improved properties 
(Suryanarayana et al., 2001).  
Regarding the unique properties obtained as a consequence of non-equilibrium 
processing, mechanical alloying (MA) allow production of materials with improved 
properties since it is also a non-equilibrium process (Suryanarayana, 2001). 
Mechanical alloying (MA) is a solid-state powder processing technique that bases on 
the continued deformation of powders by welding, fracturing and rewelding in a 
high-energy ball mill (Öveçoğlu, 1987; Benjamin, 1992; Suryanarayana et al., 2001). 
Several milling equipments can be used for blending of powders with high energy 
due to high compressive force (Tang et. al., 2004). Powders are milled in a chamber 
for a certain time using a milling media (generally steel balls). Milling time is 
generally accepted as the time that passes to reach a stable phase of mixed powders 
and homogeneous compositions elapsed until emerges.   
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MA was discovered by John Benjamin and co-workers at Paul D. Merica Research 
Laboratory of the International Nickel Company (INCO) at 1966. The scientists were 
studying on oxide-dispersion-strengthened nickel-based superalloys in order to 
fabricate gas turbine engine components (Suryanarayana, 2001; El-Eskandarany, 
2001). Currently, as a high-energy milling process, MA is an economically feasible 
process with important advantages. First of all, since MA is a solid state and far-
from-equilibrium technique, the compositional limitations in phase diagrams are not 
valid during MA. Therefore fabrication of novel alloys, supersaturated solid 
solutions, amorphous phases and alloying of immiscible elements are possible via 
MA (Le Caer et al., 2002). On the other hand, MA can also be applied to produce 
homogeneous composites using their elemental powder mixtures.  
Mechanical milling (MM) and mechanical alloying (MA) are two terms that are 
usually mixed. In fact, mechanical milling is the milling process in which there is no 
need of material transfer for obtaining homogeneous structures such as milling of 
pure metals, intermetallics or prealloyed powders. The main aim of MM is the size 
reduction of powders hence smaller process times are required compared with MA. 
Additionally, the reduction of process time also decreases the oxidation degree of 
powders. Besides, mechanical milling and mechanical alloying are assumed as same 
process in many of the literature reports (Suryaranayana, 2001).  
2.3.1 Processing equipments 
Several types of equipments are used for MA process. Spex shaker mills, planetary 
ball mills, attritor mills and commercial mills can be used for MA of powders. Each 
equipment has different capacity and milling speed. 
2.3.1.1 Spex mills 
Spex mills are the mostly used milling types for laboratory studies. They have 
capacities of 10-20 g of powder milling per experiment. They consist of milling vial, 
gasket and grinding balls. Spex mills can be operated in high frequencies and by this 
way alloying process occurs faster than the planetary mills. The milling vial can be 
steel or stainless steel, tungsten carbide, alumina, zirconia, silicium nitride or even 
plastic. Figure 2.8 shows a spex mill and a tungsten carbide vial, gasket and grinding 
balls (Suryanarayana, 2001).  
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 (a)      (b) 
Figure 2.8: (a) SPEX 8000 mixer/mill  (b) Tungsten carbide vial set consisting of the 
 vial, lid, gasket, and balls (Suryanarayana, 2001).  
2.3.1.2 Planetary mills 
Planetary mills (figure 2.9) have larger capacities compared with spex mills and a 
few hundred grams of powder can be milled per process. The lineer speed of 
grinding balls in planetary mills is larger compared with spex mills however the 
collision frequency of the spex mills is higher. As a consequence, the energy transfer 
to the powders is less compared with spex mills, which also means higher milling 
times are required for planetary mills to obtain homogeneous powders and also 
decrease the particle sizes. In the planetary mills, vials rotate around their own axes 
while the supporting disc does the reverse motion. Milling vials and balls can be 
silicon nitride , zirconia, steel and tungsten carbide (Suryaranayana, 2001).  
       
(a)                (b) 
Figure 2.9: a) Planetary ball mill (Suryaranayana, 2001), b) Illustration of rotation 
                    mechanism of planetary mill.   
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2.3.1.3 Atritor mills 
Atritor mills (figure 2.10) are low energy milling equipment that allow high amounts 
(0.5-40kg) of powders to be milled per one process. Milling media can be stainless 
steel, stainless steel coated alumina, silicium carbide or zirconia. The powders are 
fed into the vials with grinders and balls and they are milled with a rotating shaft 
operates with a certain speed (Suryaranayana, 2001). With higher operation speed 
higher milling rates can be obtained.  
 
 
 
 
 
                  
 
       (a)                                            (b) 
Figure 2.10: (a) Attritor, (b) Rotating mechanism of atritor (Suryanarayana, 2001). 
2.3.1.4 Commercial mills 
Commercial mills have significantly larger capacites compared with the mills 
explained formerly. It is possible to mechanically alloy several hundred kilograms of 
powders per process. An example of such a mill is given in figure 2.11. 
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Figure 2.11: Commercial production size ball mills used for mechanical alloying 
 (Suryanarayana, 2001). 
2.3.2 Process variables 
Since MA is a complex method, the process parameters must be optimized for 
obtaining desired properties and the microstructures of the powders. Milling type and 
milling media (type of vial and balls), milling speed and time, ball to powder weight 
ratio, milling atmosphere and the additives (process control agents and binders), 
milling temperature are the parameters that have influence on the final properties of 
the powders (Suryanarayana, 2001).    
Considering the energy transferred to the powders with different types of milling 
equipment, the milling time decreases with an increase in the energy of the mill. It 
can be deduced that a process lasts for one hour in SPEX mill may take several hours 
or a day in an atritor mill whereas it can take several days in a commercial mill 
(Suryanarayana, 2001). 
  23 
Ball to powder ratio (BPR) is another important parameter that also has an effect on 
process time to achieve a particular structure of the powder milled. With high BPRs, 
shorter times are required (Suryanarayana, 2001).. However, if the ratio is too high 
than there will be no enough powder between the colliding balls, so the 
contamination will increase due to grinding of the balls itselft. 
Beside the type of mill, the material of grinding vial or balls is also important since 
the collision of grinding media with the vial walls can result in traces or impurities in 
the milled powders. This contamination is effective on the chemical characteristics of 
the milled powder. However, the use of same grinding vial and media for same 
material powders can avoid contamination (Goff, 2003).   
Additionally, milling atmosphere has also an important effect on MA. Mechanically 
induced oxide and nitride formations can take place if air is present in grinding vials. 
Therefore, the powders are loaded to milling vials under inert atmosphere or vacuum 
to avoid contamination. High purity argon is the widely used gas for this purpose 
(Suryanarayana, 2001).  
The time of MA process is the most important parameter. Regardless the size of the 
initial particle size distributions of starting powders, the rate of lattice refinement is 
nearly logaritmic with processing time. After a short time of milling (from several 
minutes to an hour) the lamellar spacing reduces and the crystallite size decreases to 
nanometer scale which can be seen from figure 2.12 as well. Additionally, 
concerning the fracturing and the cold welding of the particles during MA, the MA 
durations must be chosen to allocate enough time to achieve a steady state between 
these two factors. Moreover as explained above, the type of the mill (associated with 
milling energy), ball to powder ratio and the temperature of the milling effects the 
process time. Considering these parameters, the suitable combination of processing 
time and type of milling, BPR should be chosen for the particular powder system. 
Furthermore it must be noted that longer milling times can also result in 
contamination of the powder system due to the grinding of milling media or the 
formation of undesirable phases (Suryanarayana, 2001). 
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. 
Figure 2.12: Refinement of particle and grain sizes with milling time 
(Suryanarayana, 2001). 
In addition to the parameters described above, process control agents (PCA) can be 
used during the process. Particularly, ductile and soft powders are flattened and cold 
welding dominates during MA. In order to avoid cold welding and agglomeration, 
PCA is added to the powders during MA (Öveçoğlu, 1987; Suryanarayana, 2001). 
PCAs are mostly organic compounds that behave as surface active agents and 
adsorbs on particle surfaces. Consequently, the cold welding and agglomeration are 
diminished (Suryanarayana, 2001). Prior to sintering, PCA is removed applying a 
heat treatment such as debinding or dewaxing.    
2.3.3 The mechanism of mechanical alloying 
Prior to MA process the powder components are mixed to constitute a stoichiometric 
ratio. Following to this, the mixture is loaded in the milling vial and the grinding 
balls are added concerning to a certain ball to powder ratio. The milling process 
continues until a homogeneous dispersion is obtained (Goff, 2003). MA process in 
particular induced by ball to powder collisions is illustrated in figure 2.13 (Fecht, 
2002). The continuous welding, fracturing and rewelding of powder during MA 
result in microstructural refinement of particles due to ball to ball, ball to powder and 
ball to container collisions. The plastic deformation of powders result in work 
hardening and an increase in the hardness of the powders. Consequently the powders 
become more brittle and fracturing takes place (Suryanarayana, 2001; Fecht, 2002). 
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Figure 2.13: Schematic view of a ball-powder-ball collision (Suryanarayana, 2001). 
The alloying mechanism of MA strongly depends on the mechanical characteristics 
of powder constituents. It is possible to classify as ductile-ductile, ductile-brittle and 
brittle-brittle systems (Fecht, 2002 ). 
2.3.3.1 Ductile-ductile systems  
Ductile-ductile systems are the ideal combinations for MA. Two factors which are 
cold welding and fracturing are effective during MA of such systems. However, for 
the case of brittle particles, cold welding is not observable. Therefore, at least 15% of 
ductile component is suggested for successful alloying. At the initial stage of MA, 
ductile components are flattened and elongated. Additionally, ball surfaces are 
covered with ductile and soft powders and hence the wear of grinding balls is 
avoided and the contamination of powders is prevented. The flattened ductile 
powders get cold welded in the intermediate level of MA and form a lamellar 
composite structure of the powder components (Öveçoğlu, 1987). The cold welding 
of the particles also increase the average particle sizes (Suryanarayana, 2001). 
However, with the continuous deformation of powders they become brittle as a result 
of work hardening. Following this, equiaxed particle formation takes place and the 
newly formed particles have oriented interfacial boundaries as seen in figure 2.14. In 
the last stage of MA, equilibrium between welding and fracture mechanisms is built 
up. Particles with randomly oriented interfacial boundaries are formed. The particle 
size and size distribution do not change more with further milling but lattice 
refinement can continue in the steady state conditions (Fogagnolo et al., 2003). With 
further milling, alloying occurs at atomic level and solid solutions, intermetallics or 
amorphous phases can be synthesized.     
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Figure 2.14: The various stages of a ductile-/ductile system during mechanical 
 alloying   (Fogagnolo et al., 2003). 
2.3.3.2 Ductile-brittle systems 
The alloying systems studied in the present study (Al-Cu-WC and Al-Cu-Mo2C) are 
also examples of ductile-brittle systems. Soft and ductile powders get flattened and 
elongated in the intial stage of milling whereas the ductile particles undergo 
fragmentation and spread between the ductile powders (Fogagnolo et al., 2003). 
Then, while the cold welding of ductile particles occur, the brittle particles come 
between two or more ductile particles. The ball to powder collisions causes the 
placement of brittle particles in the interfacial boundaries of the welded particles, 
resulting in the formation of the composite structure. The average particle size 
increases at the initial stage due to cold welding and the morphology of the particles 
change by pilling up laminar particles (Fogagnolo et al., 2003). The cold welding, 
solid dispersion and deformation during MA increase the hardness of the particles 
and increase the fracture rate of the particles which also promotes equiaxed particle 
formation (Fogagnolo et al., 2003). The welding and fracturing mechanisms reach 
equilibrium with further milling. In the final stage, fully composite particles with 
randomly orientated interfacial boundaries are observable (Fogagnolo et al., 2003). 
During the steady state conditions of the process, the particle sizes do not change 
anymore, However a great structural refinement occurs and layer spacings become 
ultra fine or totally diseppears which are no more visible under optical microscope 
(Öveçoğlu, 1987; Suryanarayana, 2001; Fogagnolo et. al, 2003). The stages during 
MA of a ductile-brittle system is given in figure 2.15. It must be noted that, two 
opposing factors, i.e. cold welding and fracturing are the main reasons for the 
changes in the particle size distributions during MA. 
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Figure 2.15: The various stages of a ductile-brittle system during mechanical      
 alloying (Fogagnolo et al., 2003). 
2.3.3.3 Brittle-brittle systems 
Differently from the ductile component involving systems, alloying of brittle-brittle 
systems is not expected to occur because the welding phenomena is not present 
(Coşkun, 2006). However up to present, alloying has been observed in some brittle-
brittle systems such as Si-Ge, Mn-Bi, Fe2O3-Cr2O3 and ZrO2-Y2O3 systems 
(Suryanarayana, 2001; Fecht, 2002). During MA of brittle powders, fracturing and 
size reduction are the dominating mechanisms. This continuous decrease of particle 
size can also provide ductile behaviour of some cases and therefore no more size 
reduction is possible. Furthermore, during milling of two components having 
different brittleness, the harder component get fragmented and trapped in the less 
brittle component (Suryanarayana, 2001). On the other hand, it is also possible to 
synthesize amorphous phases through the MA of brittle-brittle components (Coşkun, 
2006).      
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3.  EXPERIMENTAL PROCEDURE 
The present study reports on the synthesis and characterization investigations of Al-
Cu-WC and Al-Cu-Mo2C composites developed via mechanical alloying (MA) 
method. The ball milled powders were characterized with Laser Particle Size 
Analyzer, BET surface area, X-ray difraction (XRD), scanning electron microscope 
(SEM), differential scanning calorimetry (DSC), optical microscope (OM) and 
microhardness measurement investigations. The compact samples were prepared by 
pressing and subsequently sintered. Both green and sintered densities were 
calculated. Additionally, XRD, SEM, energy dipersive spectrometry (EDS) and OM 
investigations with microhardness measurements were further carried on for sintered 
samples.  
The composite compositions in the present study has been determined with special 
attention. Formerly, it has been stated that a wide range of different reinforcements 
were used to produce Al based metal matrix composites, however 6B transition metal 
carbides such as WC and Mo2C has never been used as reinforcements in Al metal 
matrix composites which are developed with mechanical alloying technique. 
Additionally, it has been clearly known from the literature studies that Al-Cu alloys 
are age hardenable alloys and Al2Cu intermetallic precipitates during the sintering 
(Aravind et al., 2004; Yu et al., 2008). Considering these, the matrix compostion in 
the present study has been determined as Al-2 % Cu (wt%) and reinforcement 
compostions have been changed as 3%, 5% and 7% (all in wt%) of WC and Mo2C. 
The MA times were chosen as 1h, 2h, 3h and 5h. In each group of samples, the 
influence of  the reinforcement amount  and the influence of the MA time on the 
microstructural, physical and mechanical properties of the synthesized composites 
have been investigated. The samples are coded in accordance with their composition 
and MA time as shown in table 3.1 and table 3.2 where A refers to Al, C to Cu, W to 
WC, M to Mo2C and MA to MA time. For example AC7W-MA1H and AC7M-
MA1H  refer to Al-2 %Cu-7%WC (all in wt%) 1h MA’d and Al-2 %Cu-7%Mo2C 
(all in wt%) 1h MA’d respectively.  
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Figure 3.1 shows the flowchart of the experiments that were carried out for the 
characterization of MA’d powders and the sintered samples in the present study.  
Table 3.1: Powder compositions and MA times for Al-Cu-WC system. 
Sample Code Powder Composition  
(% wt) 
MA Time (hour) 
AC3W-MA1H Al-2% Cu-3% WC 1 
AC3W-MA2H Al-2% Cu-3% WC 2 
AC3W-MA3H Al-2% Cu-3% WC 3 
AC3W-MA5H Al-2% Cu-3% WC 5 
AC5W-MA1H Al-2% Cu-5% WC 1 
AC5W-MA2H Al-2% Cu-5% WC 2 
AC5W-MA3H Al-2% Cu-5% WC 3 
AC5W-MA5H Al-2% Cu-5% WC 5 
AC7W-MA1H Al-2% Cu-7% WC 1 
AC7W-MA2H Al-2% Cu-7% WC 2 
AC7W-MA3H Al-2% Cu-7% WC 3 
AC7W-MA5H Al-2% Cu-7% WC 5 
Table 3.2: Powder compositions and MA times for Al-Cu-Mo2C system. 
Sample Code Powder Composition  
(% wt) 
MA Time (hour) 
AC3M-MA1H Al-2% Cu-3% Mo2C 1 
AC3M-MA2H Al-2% Cu-3% Mo2C 2 
AC3M-MA3H Al-2% Cu-3% Mo2C 3 
AC3M-MA5H Al-2% Cu-3% Mo2C 5 
AC5M-MA1H Al-2% Cu-5% Mo2C 1 
AC5M-MA2H Al-2% Cu-5% Mo2C 2 
AC5M-MA3H Al-2% Cu-5% Mo2C 3 
AC5M-MA5H Al-2% Cu-5% Mo2C 5 
AC7M-MA1H Al-2% Cu-7% Mo2C 1 
AC7M-MA2H Al-2% Cu-7% Mo2C 2 
AC7M-MA3H Al-2% Cu-7% Mo2C 3 
AC7M-MA5H Al-2% Cu-7% Mo2C 5 
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Figure 3.1: Flowchart of the experimental procedures of the present investigation. 
3.1 Materials Selection 
Aluminum (Al) is the most abundant metal in the earth’s crust and it is known with 
its soft, ductile and light metal character. Al has nearly one-third the density and 
stiffness of steel but this low strengtht of Al limits the usage of its pure form in 
various applications which requires high strength together with light weight. 
However, metal matrix composites (MMCs) offer unusal combinations of properties 
to serve for aerospace, defence, automotive industries and structural applications. In 
this regard, among the conventional Al alloys, Al-based MMCs have built up an 
exceptional category of advanced engineering materials with exhibiting good wear, 
corrosion, erosion and heat resistance as well as high strength to weight ratio, higher 
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stiffness and hardness (Tan et al., 1998; Tavoosi et al., 2008, Smagorinski et al., 
1998). 
In the present research, the MMC material was designed to have a light weight 
matrix which was reinforced with harder and stiffer reinforcements to satisfy the 
combination of light weight and high hardness. For this purpose, Al selected as the 
matrix metal and 6B transition metal carbides (WC and Mo2C) were used as 
reinforcements. Cu metal was added to the matrix to enhance precipitation hardening 
with the formation of the intermatallic Al2Cu phase.     
3.1.1 Matrix powders  
Al powders used in this work were delivered from Alfa Aesar company which had 
defined by 99.5% purity and an average particle size below 325 mesh. Cu powders 
were given with the specifications of spherical in shape, particle sizes below 100 
mesh and purity of 99.5% which were also delivered from Alfa Aesar company. No 
experimental treatments were conducted on powders before mechanical alloying 
process. 
3.1.2 Reinforcement powders 
Two different materials from 6B transition metal carbides as WC and Mo2C were 
chosen in this work as reinforcing powders. WC powder used in this project was 
produced with powder metallurgy techniques in the Particulate Materials 
Laboratories in Istanbul Technical University (ITU) which has 99.5% purity and 3 
mm of average particle size. Mo2C grey powders were taken from the Alfa Aesar 
company which have 99.5% purity and 7 mm average particle size. 
3.1.3. Reactions of Al with Cu 
Aluminum-copper alloys is known for their age-hardenable and light weight 
character and therefore they are generally used in aerospace and automotive 
industries where a very high strength to weight ratio is needed (Aravind et al., 2004). 
Therefore Cu is accepted as one of the major alloying elements in Al-based 
composites. Figure 3.2 shows the Al rich part of the Al-Cu phase diagram (Aravind 
et al., 2004). Al2Cu phase is the most studied intermetallic phase of Al-Cu system 
(Yu et al., 2008; Aravind et al., 2004; Fogagnolo et al., 2006). As seen from figure 
3.2, although it is possible to precipatate Al2Cu intermetallic up to eutectic point 
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(548.2oC, 32.5wt.% Cu), for age-hardening process the composition and temperature 
must be choosen following the solvus curve. In the present study Cu addition to the 
alloys systems provided the precipitation of the Al2Cu intermetallic which will 
enhance the hardening mechanism. The sintering condiditions applied in the present 
system (650oC, 4h) is suitable for Al2Cu precipitation.     
 
Figure 3.2: Al-Cu phase diagram (Aravind et al., 2004). 
3.1.4 Reactions of Al with W and Mo 
Currently there exists almost no studies carried on Al-WC or Al-Mo2C systems, 
however there are some literature reports about on rapidy quenched Al-W alloys 
from melt, Al-W alloys developed via MA, reaction of Al-Mo thin films (Tonejc, 
1972; Tang et al., 2002; Kitada et al., 1984). Additionally Saunders reported in 1997 
about the possible phases can be seen in Al-Mo system (Saunders, 1997). Figure 3.3 
shows the phase diagrams of Al-Mo and Al-W systems (Tonejc, 1972; Saunders, 
1997).  
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Figure 3.3: The phase diagrams of Al-Mo and Al-W systems (Tonejc, 1972; 
 Saunders, 1997). 
The study of Tang et al. was far away to explain the phase transformations of Al-W 
system since they did not study the thermal behaviors of the composite or the 
sintering process in detail (Tang et al., 2002). However in the study of Tonejc, Al-W 
alloys with a W amount of 4.3 to 11.7 wt% were rapidy quenched and annealing 
procedures were applied to study phase transformations. It was shown that an 
isochronal annealing at 400oC will result in the formation of Al12W intermetallic 
compound within Al matrix. As seen from figure 3.3, this phase is stable up to 
temperature 660.2 oC where Al12W has a peritectic reaction with Al (Tonejc, 1972). 
The report of Kitada et al. about the Al-Mo thin films showed that, annealing of Al-
Mo structured thin films at 350oC for 3h results in the Al12Mo intermetallic 
formation. The same phase and AlMo3 were identified in electron diffraction patterns 
after annealing at 450oC and 500oC for 3h (Kitada et al., 1984). Additionally, as seen 
from Al-Mo phase diagram in figure 3.3, Al12Mo compound is stable up to the 
peritectic reaction with Al at 661oC.  
Furthermore, it was reported that the Al12W and Al12Mo compounds are 
isomorphous and the XRD patterns are nearly indistinguishable (Adam and Rich, 
1954; Walford, 1963). Additionally, the space groups (Im3), Bravais lattices (Body 
Centered Cubic) and the lattice parameter “a” (7.5803Ǻ for Al12W and 7.573Ǻ for 
Al12Mo) are nearly same in both compounds. Therefore it is expected that both 
compounds will show similar thermal, mechanical, electrical and corrosion 
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properties. However this is quite evident because Al and Mo are the members of 6B 
transition metals in periodic table. This expected behaviors are one of the reasons to 
choose WC and Mo2C materials as reinforcements in the present study. Still, it must 
be noted that these observations are valid for W and Mo itself, therefore the reactions 
can only occur if the carbides undergo a decomposition in the present study.  
3.2 Preparation of Composite Powders and Sintered Samples 
3.2.1 Mechanical alloying of powders 
The elemental powders of Al and Cu were either mixed with WC or Mo2C 
reinforcement powders to satisfy the chemical compositions which were given in 
table 3.1 and table 3.2. Furthermore, as a process control agent (PCA) wt. 2% zinc 
stearate powders were used to diminish cold welding of particles and hence the 
agglomeration.   
The prepared mixtures of powders were mechanically alloyed in a Spex TM8000D 
mill that was operated in 1200 rpm speed by using WC vial and WC balls (diameter 
6.35 mm) as milling media. The MA durations were 1h, 2h, 3h and 5h and the ball-to-
powder (BPR) ratio employed was 10:1 in weight. The loading of powders to the 
milling media was conducted inside a PluslabsTM glow box to provide an inert 
milling atmosphere with high purity argon (Ar) gas to avoid any possible reactions 
with free oxygen and nitrogen in air. All powders were collected under Argon (Ar) 
atmosphere in the same glove box to protect from oxidation.  
The Spex TM8000D mill and the PluslabsTM glove box that were used during MA 
experiments were shown in figure 3.4. 
 
 
 
 
 
 
Figure 3.4: (a) Spex 8000D™ mill, (b) PluslabsTM glove box. 
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3.2.2 Preparation of green compacts  
The MA’d powders were compacted by cold pressing using a 10 ton capacity 
ApexTM 3010/4” one-action hydraulic press (figure 3.5) under a 220 MPa uniaxial 
pressure. The green compacts were cylindrical in shape and 12.75 mm in diameter 
(figure 3.6). The pressing time was nearly 1 minute per sample and zinc stearat 
powder was used for lubrication in order to remove the compacts without importing 
any damage on the press.  
 
Figure 3.5: Apex™ 3010/4 one-action hydraulic press. 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6: View of consolidated composite samples. 
3.2.3. Sintering of consolidated samples 
During MA of composite powders 2 wt% of zinc stearat has been used as the process 
control agent. Zinc stearate (Zn(C18H35O2)2) evaporates at 273 oC and during 
sintering the evaporation of the compound would cause the pore formation. For this 
reason prior to the sintering of the samples, dewaxing of the green compacts were 
performed in a ProthermTM PTF 16/75/450 Tube Furnace (figure 3.7) under Ar 
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atmosphere at 300 oC for 2 hours with a heating rate of 1 oC/min for complete 
removal of zinc stearate as given in figure 3.8. 
 
 
Figure 3.7: ProthermTM PTF 16/75/450 tube furnace. 
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Figure 3.8: Dewaxing process regime. 
The samples were sintered in the same tube furnace shown in figure 3.7. The 
sintering process carried out at 650oC (923 Ko) for 4 hours under inert Ar 
atmosphere. The heating and cooling rate were 10oC/min. The sintering regime was 
shown in figure 3.9. 
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Figure 3.9: Sintering regime of the samples. 
3.3 Characterization of Powder and Sintered Composites 
The powder characterization investigations in the present study include the particle 
size analysis and BET surface area analysis of the powders. Microstructural 
evolution of powders during MA process has been investigated using XRD, SEM, 
OM and DSC experiments. The peaks observed in DSC investigation are further 
studied by the means of XRD to reveal possible phase transformations in powders. 
Mechanical properties were studied with microhardness measurements. 
The microstructural characterization and phase analyses of the sintered samples were 
conducted with XRD, SEM, EDS and OM investigations. Furthermore, 
microhardness tests were performed for mechanical characterization. The relative 
densities of green compacts and the sintered samples were measured to determine the 
effect of MA on the physical properties of the present alloy systems.  
3.3.1 Characterization investigations of powder composites 
 The particle size measurements of the commercial powders of Al, Cu, WC, Mo2C 
and the synthesized composite powders were carried out with Malvern InstrumentsTM 
laser particle size analyzer (figure 3.10). The powders were first stirred in an 
ultrasonic bath for 15 minutes using distilled water to break away powder 
aggloromates. The laser particle size analyzer performs 3 measurements per sample 
and gives a fit curve for the particle size distribution. Volumetric weighted mean of 
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particle size distribution has been accepted as the average particle sizes of the 
powders. 
 
Figure 3.10: Malvern InstrumentsTM laser particle size analyzer. 
The commercial powders of Al, Cu, WC, Mo2C and the MA’d composite powders 
were subjected to surface area measurement tests using a QuantachromeTM Autosorb-
1 AS-1 BET analysis instrument (figure 3.11). The experiments were carried out 
under Ar atmosphere and additionally liquid nitrogen was used during the degassing 
process in the cells. The degassing temperature was chosen as 150oC and the average 
degassing time for the cells were 16 hours per sample. Multi point BET method was 
applied from the device software to collect the datas for the measurements. 
 
Figure 3.11: QuantachromeTM Autosorb-1 AS-1 BET analyse instrument. 
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The device measures the amount of gas adsorbed and desorbed through and from a 
solid surface regarding to an equilibrium vapor pressure. A known quantity of gas is 
given or removed from the sample cells in which the powders maintain at a constant 
temperature. With the adsorption and desorption processes, the pressure in the cells 
changes until reaching an equilibrium pressure. The amount of gas adsorbed or 
desorbed at the equilibrium pressure is the difference between the amount of gas 
given or removed from the cells and the amount of gas required to fill the rest of the 
space in the cells (around the sample-void space) (Keçeli, 2007). The volume-
pressure data obtained from these measurements can be transformed to BET surface 
area (single and/or multipoint), Langmuir surface area, adsorption and/or desorption 
isotherms, pore size and surface area distributions.    
3.3.2 Phase analyses and microstructural characterization 
The phase analyses of the received powders, as-blended powders and the composite 
powders were performed with BRUKERTM D8-Advance X-Ray Diffractometer 
(figure 3.12) which was operated at 40 kV voltage and 40 mA current and using 
CuKα radiation. The scanning range was chosen as 2Q=25-90o with a scan speed of 
0.6 sec/step and 0.02 increment.  
The phase transformations in sintered samples were analysed using the same 
diffractometer given in figure 3.12 operating at 40 kV voltage and 40 mA current 
using CuKα radiation. However, for the sintered samples the scanning range was 
chosen as 2Q=10-100o with a scanspeed of 3 o/min and 0.02 increment.     
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Figure 3.12: BRUKERTM D8-Advance X-Ray diffractometer. 
The microstructures of as received powders and the microstructural evolution during 
the MA of composite powders were investigated with Jeol™-JSM-T330 scanning 
electron microscope (SEM) which is given in figure 3.13.   
 
Figure 3.13: Jeol™-JSM-T330 scanning electron microscope. 
The microstructural characterization of sintered samples were carried out in the 
Surface Analysis Laboratories of Istanbul Technical University using a JEOLTM-
JSM-5410 SEM device. Before the SEM experiments, the sintered samples were 
mounted in bakalite using a Struers™ Labopress-1 (Figure 3.14-left) device and 
subsequently polished by using Struers™ Tegrapol-15 automatic polishing machine 
(Figure 3.14-right). In order to reveal the grain boundaries and observe the different 
contrasts of newly formed phases, the polished samples were etched for 15 seconds 
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with Keller solution. The polished samples were investigated in SEM device. During 
SEM imaging of the samples, areas which have different contrasts have been further 
investigated with EDS measurements to determine the chemical composition.  
    
Figure 3.14: Struers™ Labopress-1 (left) and Struers™ Tegrapol-15 (right). 
Furthermore the polished and etched sintered samples were also investigated with 
Nikon™ Eclipse L150 optical microscope (figure 3.15). The MA’d powders were 
first mounted in cold bakalite and polished with Struers™ Tegrapol-15 automatic 
polishing machine and subsequently investigated with the optical microscope. 
 
Figure 3.15: Nikon™ Eclipse L150 optical microscope. 
3.3.3 Thermal analyses of mechanical alloyed powders 
Nonisothermal differential scanning calorimetry (DSC) runs were performed on the 
MA’d powders using a TATM Instruments DSC-DTA-TGA (figure 3.16). The 
primary aim in the DSC investigations is to understand about the thermal behaviors 
of powders and phase transformations with temperature change. The data collection 
was continued up to 650oC with 20oC/min heating rate under Ar atmosphere. 
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Furthermore, on the basis of the peaks observed in DSC curves, three experiments 
were performed to reveal the events that resulted the peaks. Firstly, AC7W-MA5H 
and AC7M-MA5H powders were annealed at 300 oC, 450 oC and 550 oC for 2 hours 
and rapidly quenched to room temperature and afterwards they were investigated 
with X-ray diffraction. The phase transformations observed after these annealing 
processes helped to investigate the exothermic events revealed on DSC curves. 
 
Figure 3.16: TATM Instruments DSC-DTA-TGA. 
3.3.4 Density measurements 
The density measurements of as received powders used in the present study were 
carried out with a QuantachromeTM Pycnometer instrument. The densities of green 
compacts were measured geometrically. The dimensions and the masses of the 
compacts were measured and the volume of the pellets were used to determine the 
green densities according to the simple formula given as: 
m
V
r =                       (3.1) 
Relative green densities were computed as the ratio of green densities to theoretical 
densities.  
The densities of sintered samples were measured with Archimedes’ method which is 
based on liquid displacement. The samples were first weighted in air and afterwards 
in a liquid (ethyl alcohol in the present study). The mass of the samples were divided 
by the difference between the masses measured in air and ethyl alcohol and 
multiplied with the density of ethyl alcohol. In this study ethyl alcohol was chosen as 
the measurement liquid to avoid a possible oxidation on the samples. The 
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QuantachromeTM Pycnometer instrument and the Archimedes density measurement 
set up are shown in figure 3.17. 
 
 
 
 
 
 
Figure 3.17: (a) Precisa™ XB220A balance where Archimedes densities were 
 computed (b) QuantachromeTM pycnometer instrument. 
3.3.5 Microhardness measurements 
It was previously explained that for the optical microscopy (OM) investigations, the 
composite powders were mounted in cold bakalite and polished whereas the sintered 
samples were taken into hot bakalite and polished. It must be noted that the 
microhardness measurements of the sintered samples were conducted without 
etching of the surfaces. The microhardness values of these prepared composite 
powders and sintered samples were performed with a Shimadzu™ microhardness 
tester (figure 3.18) under a load of 10 g for 15 seconds. At least 25 successful 
indentations were performed per sample and the microhardness values were 
calculated by averaging out these successful indentations. 
 
Figure 3.18: SHIMADZUTM micro hardness tester. 
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4.  RESULTS AND DISCUSSION 
The results and discussion part of the present research report covers the 
characterization studies of powder composites and sintered samples. Additionally, 
the characterization of raw materials used for the present study was also given in this 
section. 
4.1 Characterization of Raw Materials 
The matrix alloy system in the present study consists of Al and Cu and the 6B 
transition metal carbides as WC and Mo2C were used as reinforcement powders. It 
was mentioned formerly that the Al, Cu and Mo2C powders were delivered from 
Alfa Aesar company and the WC powders were synthesized in Istanbul Technical 
University. These raw materials were characterized by the means of particle size 
analysis, BET surface area measurements, density measurements and SEM 
investigations.  
Table 4.1 shows the BET surface area measurements of the powders. Al, Cu, WC 
and Mo2C powders have surface areas of 4.57 m2/g, 4.93 m2/g, 0.93 m2/g and 0.65 
m2/g respectively.  
Table 4.1:  BET surface area results of the powders. 
Powder  Surface Area (m2/g) 
Al 4.57 
Cu 4.93 
WC 0.93 
Mo2C 0.65 
 The densities of the powders measured with pycnometer are given in table 4.2. The 
density of Al and Mo2C are very close to the literature values of 2.7 g/cc and 8.9 
g/cc, respectively (retrieved from Url-2 and Url-3). However, the densities of Cu and 
WC are relatively low compared with the literature values 8.96 g/cc and 15.8 g/cc, 
respectively (retrieved from Url-4 and Url-5). The reason for these differences were 
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probably beacuse of the pore formation between the powders because of the strong 
agglomeration. 
Table 4.2: Pycnometer measurements of starting powders. 
Powder  Type Density (g/cc) 
Al 2.67 
Cu 8.58 
WC 15.2 
Mo2C 8,83 
The particle size distribution curves of the commercial powders were given in figure 
4.1. As seen from figure 4.1, Al powders have a Gaussian distribution of particle size 
distribution with an average particle size of 10.14 mm whereas Cu, WC and Mo2C 
powders show bimodal particle size distribution curves. Cu particles show a broad 
size distribution with an average particle size of 57 mm. WC particles are in average 
3.18 mm of particle size but show two peaks around 0.1 mm and 2.5 mm, however the 
particles still show a narrow particle size distribution range round the second peak. It 
is also obvious for Mo2C particles that they have a broad particle size distribution 
changing from 1 mm to 15 mm, with an average particle size of 7.2 mm. 
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          (a)                                                               (b) 
                                                                                           
 
        (c)          (d) 
Figure 4.1: Particle size distributions of commercial powders (a) Al, (b) Cu, (c) WC 
                    and (d) Mo2C. 
The microstructural characterization of powders was carried out with SEM 
investigations. Figure 4.2 shows the SEM images taken from the commercial Al, Cu, 
WC and Mo2C powders. Aluminium powders have a lamellar like structure and have 
a narrow particle size distribution with some longer lamellar structures, whereas 
copper particles are spherical in shape with a broad particle size distribution. WC 
powders have irregular shapes but show narrow size distributions ranging between 1-
4 mm. Similarly, Mo2C particles show a broad size distribution with irregular shapes 
and some amount of agglomeration has been observed in the powders. The SEM 
observations were consistent with particle size distribution analyses of the powders. 
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Figure 4.2: SEM images of commercial powders a) Al, b) Cu, c) WC d) Mo2C. 
4.2 Characterization of MA’d Powders 
The present part of the report includes the results of microstructural characterization 
investigations of ball milled powders performed by of XRD, SEM, OM and DSC 
studies. Additionally the evolution in particle size and surface area of the powders 
are also investigated with particle size analyses and BET surface area measurements. 
Finally the microhardness values of the powders were measured for mechanical 
characterization.  
4.2.1 Phase analyses and microstructural characterization 
Figure 4.3a, b, c show the XRD diffraction patterns of as-blended powders and 
MA’d Al-Cu-WC powders. The patterns for as-blended composite powders are given 
at the top of the figures for each graph (black pattern). 
(a) (b) 
(c) (d) 
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Figure 4.3a: XRD patterns of MA’d Al-2% Cu-3% WC (wt%) powders. 
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Figure 4.3b: XRD patterns of MA’d Al-2% Cu-5% WC (wt%) powders. 
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Figure 4.3c: XRD patterns of MA’d Al-2% Cu-7% WC (wt%) powders. 
As seen from figure 4.3a, b, c, the peaks of Al (Face Centered Cubic crystal 
structure, Fm3m space group and lattice parameter of a=4.0488 Å), Cu (Face 
Centered Cubic crystal structure, Fm3m space group and lattice parameter of 
a=3.615 Å) and WC (Hexagonal crystal structure, P6m2 space group, lattice 
parameters of a=b=2.906 Å and c=2.837 Å) are clearly visible in as-blended powder 
patterns, 1h, 2h and 3h MA’d powders. However, after MA for 5h, only the peaks of 
Al and WC are identified. The copper peaks that are still present after MA for 3h 
have disappeared totaly after 5h of MA duration. It is explained elsewhere that Cu 
starts to diffuse into Al structure induced by the ball to powder collision mechanism 
during MA process (Fogagnolo et al., 2006). Following the diffusion of Cu into the 
Al structure, a supersaturated solid solution of  Cu in Al forms and the Cu peaks 
become invisible in the XRD pattern.  
The XRD patterns of as-blended powders and MA’d Al-Cu-Mo2C powders are given 
in figure 4.4a, b, c. The pattern of as-blended powders is given at the top of each 
figures with black pattern. 
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Figure 4.4a: XRD patterns of MA’d Al-2% Cu-3% Mo2C (wt%) powders. 
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Figure 4.4b: XRD patterns of MA’d Al-2% Cu-5% Mo2C (wt%) powders. 
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Figure 4.4c: XRD patterns of MA’d Al-2% Cu-7% Mo2C (wt%) powders. 
It is clearly seen from figure 4.4a, b, c that the peaks of Al, Cu and Mo2C (α- Mo2C, 
Hexagonal crystal structure, P63/mmc space group, lattice parameters of a=b=3.0124 
Å and c=4.7352) are observed in as-blended powders, 1h, 2h and 3h MA’d powders. 
Similar to the Al-Cu-WC system in the present study, the Cu peaks which are still 
present after MA for 3h, disappear after 5h of MA time. It is because of the same 
reason for the disappearance of Cu peaks in the Al-Cu-WC system, Cu forms a 
supersaturated solid solution as a result of diffusion process.  
It is obvious from figure 4.3a, b, c and figure 4.4a, b, c that in both of the systems the 
peaks are broadened and peak intensities are lowered with increasing MA time. The 
most accepted expression for peak broadening is that the continuous deformation and 
work hardening of powders during MA process which result in the crystallite 
refinement and the increase in lattice strain (Zhaoa et al., 2005; Prabhu et al., 2006; 
Wang, 2008). Furthermore, by comparing figure 4.3a, b, c and figure 4.4a, b, c with 
each other, it is evident that the peak intensities of reinforcement powders are 
increasing with the increase of the reinforcement amount in the alloy systems.   
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Figure 4.5a, b, c show the SEM images of MA’d Al-Cu-WC powders. Figure 4.5c 
shows the microstructural evolution of 7%wt reinforced powders for 1h, 2h, 3h and 
5h of MA durations.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5a: SEM images of MA’d Al-2% Cu-3% WC (wt%) powders (a) and (b)     
                      MA’d 1h, (c) and (d) MA’d 5h. 
 
 
 
 
 
 
Figure 4.5b: (contd) SEM images of MA’d Al-2% Cu-5% WC (wt%) powders (a)    
           and (b) MA’d 1h, (c) and (d) MA’d 5h. 
 
 
 
(a) (b) 
(d) (c) 
(a) (b) 
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Figure 4.5b: (contd) SEM images of MA’d Al-2% Cu-5% WC (wt%) powders (a)    
           and (b) MA’d 1h, (c) and (d) MA’d 5h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5c: SEM images of MA’d Al-2% Cu-7% WC (wt%) powders (a) MA’d 1h, 
(b) MA’d 2h, (c) and (d) MA’d 3h, (e) and (f) MA’d 5h. 
(c) (d) 
(a) (b) 
(c) (d) 
(f) (e) 
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The SEM images of MA’d Al-Cu-Mo2C powders are given in figure 4.6a, b, c. 
Figure 4.6c shows the microstructural evolution of 7%wt reinforced powders MA’d 
for  1h, 2h, 3h and 5h.  
It has been formerly explained that the stages during mechanical alloying process of 
Al-Cu-WC and Al-Cu-Mo2C systems in the present study can be explained in the 
concept of ductile-brittle component systems. As seen from figure 4.5a, b, c and 
figure 4.6a, b, c, MA time has a definite effect on the powder particle sizes and 
morphologies. Two opposing factors: cold welding and fracturing mechanisms are 
occurring simultaneously as two in the ball milling of ductile-brittle systems 
(Fogagnolo et al., 2003). The particle size increases with cold welding whereas the 
particle size decreases as a result of fracturing.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6a: SEM images of MA’d Al-2% Cu-3% Mo2C (wt%) powders (a) and (b)    
 MA’d 1h, (c) and (d) MA’d 5h. 
 
 
 
 
 
 
 
 
(a) (b) 
(c) (d) 
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Figure 4.6b: SEM images of MA’d Al-2% Cu-5% Mo2C (wt%) powders (a) and (b)   
 MA’d 1h, (c) and (d) MA’d 5h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6c: (contd) SEM images of MA’d Al-2% Cu-7% Mo2C (wt%) powders (a) 
MA’d 1h,  (b) MA’d 2h, (c) and (d) MA’d 3h, (e) and (f) MA’d 5h. 
(a) (b) 
(c) (d) 
(a) (b) 
(c) (d) 
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Figure 4.6c: (contd) SEM images of MA’d Al-2% Cu-7% Mo2C (wt%) powders (a) 
MA’d 1h,  (b) MA’d 2h, (c) and (d) MA’d 3h, (e) and (f) MA’d 5h. 
As clearly seen from the SEM images of 1h MA’d composite powders from figure 
4.5a, b, c and figure 4.6a, b, c, in the initial stage of mechanical milling, Al particles 
flattened and elongated while brittle carbide particles underwent fragmentation and 
spread between ductile particles. MA for 1h has not been sufficient for the formation 
of homogeneous composite particles, so the matrix particles were still soft. As a 
result of this, the particles were agglomerated and particle sizes were increased due 
to the dominating factor; cold welding. With the continuous ball to powder 
collisions, the carbide particles are placed in the interfacial boundaries of the 
flattened and welded ductile powders and the mixing of ductile matrix with brittle 
particles occurs. As seen from figure 4.5c and figure 4.6c, with the increase of MA 
time, the small and bright carbide particles started to incorporate to the ductile 
matrix. The incorporation of carbide particles to the matrix promotes the formation 
of harder and more brittle composite particles and thus the rate of fracturing 
increases which decreases the particle size. Hence for the 2h of MA time in figure 
4.5c and figure 4.6c, it is obvious that the particle size distribution is bimodal with 
the presence of fractured small particles and agglomerated particles. With the 
formation of new hardened and brittle powders, fresh particle surfaces are produced 
due to high fracture rate. As a result of the high energy of these new surfaces, 
random welding of particles occur which again increases particle sizes of the 
powders as clearly observed from the SEM images of 3h MA’d powders seen from 
figure 4.5c and figure 4.6c. The continuous deformation of powders causes the fully 
incorporation of carbide particles to the base matrix powders and finally the result is 
the formation of homogeneous composite particles with randomly orientated 
interfacial boundaries. These composite particles promote an equilibrium state 
(e) (f) 
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between welding and fracturing mechanisms and the particle size does not 
significantly change more with further MA. From the SEM images of 5h MA’d 
composite powders, the particle size distributions are nearly unilateral and a fully 
composite structure has been observed.  
The stages of MA process of a ductile-brittle system are summarized with a model 
elsewhere and SEM images showed that Al-Cu-WC and Al-Cu-Mo2C systems in this 
study are in concordance with the model (Fogagnolo et al., 2003). However, the 
transition between the stages which causes particle size changes seems to be fast and 
hence is not completely visible. The mechanism between 2h and 3h of MA was 
probably dominated by the incorporation of carbide particles to the soft matrix and 
particle size decreased which was followed by the rapid welding of fresh surfaces 
which again caused to particle size increase. This behaviour of WC and Mo2C 
reinforced powders is possibly due to the high brittle character of these carbides and 
thus high fracture rate of the system which accelerates composite powder formation 
and lattice refinement.   
Optical microscope images of MA’d, 3wt% and 5wt% reinforced Al-Cu-WC and Al-
Cu-Mo2C composite powders are given in Appendix A as can be seen from figure 
A.1a, b and figure A.2a, b. Figure 4.7 and figure 4.8 show the microstructural 
evolution of 7wt% reinforced powders for 1h, 2h, 3h and 5h of MA. 
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Figure 4.7: Optical microscope images of MA’d Al-2% Cu-7% WC (wt%)  
                    powders (a) MA’d 1h,  (b) MA’d 2h, (c) and (d) MA’d 3h, (e) and (f)   
                    MA’d 5h. 
 
 
 
 
 
 
 
 
 
 
 
 
 
(c) 
(b) (a) 
(e) 
(d) 
(f) 
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Figure 4.8: Optical microscope images of MA’d Al-2% Cu-7% Mo2C (wt%)      
                    powders (a) MA’d 1h,  (b) MA’d 2h, (c) and (d) MA’d 3h, (e) and (f)         
                    MA’d 5h. 
The optical microscope images are totaly in concordance with the SEM images. The 
flattened and elongated Al powders are clearly seen in the images of 1h MA’d 
powders. Together with the elongated particles, big agglomerates formed as a result 
of cold welding are also present in the initial stage of mechanical milling. The 
particle size distributions are bimodal. However with the increase of MA time, the 
carbide particles fully incorporated to the matrix powders and no free carbide 
particles observed in 5h MA’d samples. The grey and small particles seen 
individualy in the images of 5h MA’d powders are the carbide particles which 
(a) 
(c) 
(b) 
(d) 
(e) (f) 
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incorporated to the matrix. The particle morphologies are homegenous and particle 
size distributions are unilateral after 5h of MA.  
Figure 4.7 and figure 4.8 clearly show the effect of the two opposing factors; cold 
welding and fracturing on the microstructural evolution of composite powders during 
MA process. The initial stage was dominated with cold welding and with the 
continuous ball to powder collisons a composite structure of powders formed. As a 
result of work hardening, fracture process dominated and subsequently fresh and new 
grains formed which have big surface area. This fresh surfaces again agglomerated 
and particle size increased. However after 5h of MA, a full composite powder 
structure has been observed and the particle size and morphology did not change 
more with further milling.   
4.2.2 Particle size distribution analyses and BET surface area measurements 
The particle size distributions of MA’d Al-Cu-WC and Al-Cu-Mo2C composite 
powders are given in appendix B with figure B.1a, b and figure B.2a, b.  The average 
particle sizes of powders after MA has been shown in figure 4.9a, b. The average 
particle size of as received Al powders has been measured as 10.14 mm. However as 
seen from figure 4.9a after 1h of MA, the average particle sizes increased to 29.7 
mm, 20.1 mm and 24.3 mm for 3%, 5% and 7% of WC reinforcement respectively. 
For the case of powders reinforced with 3%, 5% and 7% of Mo2C reinforcement 
respectively, the average particle sizes increased to 37.3 mm, 41.9 mm, 49.9 mm after 
1h of MA as seen from figure 4.9b. An increase in the particle is observed after 1h of 
MA as a result of cold welding and agglomerate formation at the initial stage of ball 
milling. Furthermore, as clearly seen from figure 4.9a, b with the increase of MA 
time the average particle size again decreases. The particle sizes decrease to the 
initial particle size of Al particles for Al-Cu-WC system whereas it changes between 
10 mm and 20 mm for Al-Cu-Mo2C system after 5h of MA. 
It is obvious from figure B.1a, b and figure B.2a, b that the particle size distributions 
of powders are generaly bimodal. This is quite evident that both small fractured and 
big agglomerated powders are present because of cold welding and fracturing of 
powders which are simultaneously occuring during MA process. Although the 
particle sizes distributions of powders are not Gaussian like for 5h of MA duration, 
the particle sizes are changing from 5 to 15 mm with average particle sizes around 10 
  62 
mm for Al-Cu-WC system for 3%, 5% and 7% WC reinforcement. The Al-Cu-Mo2C 
system shows a similar behaviour after 5h of MA duration with particle size 
distributions changing from 5 to 20 mm with average particle sizes of 12 mm, 13 mm 
and 18 mm for 3%, 5% and 7% Mo2C reinforcement. 
Additionally comparing figure 4.9a and figure 4.9b the average particle sizes for Al-
Cu-WC system generaly shows a finer size distribution with smaller average particle 
sizes than Al-Cu-Mo2C system. The refinement in the Al-Cu-WC system occurs 
more rapidly comparing to Al-Cu-Mo2C sytem. This is probably due to the more 
brittle character of WC particles than Mo2C particles.        
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Figure 4.9a: The average particle sizes of MA’d Al-Cu-WC powders for 1h, 2h, 2h                                       
and 5h. 
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Figure 4.9b: The average particle sizes of MA’d Al-Cu-Mo2C powders for 1h, 2h, 
           2h and 5h.    
Table 4.3 and 4.4 shows the BET surface area analyses of MA’d Al-2% Cu-7% WC 
(wt%) and Al-2% Cu-7% Mo2C (wt%) powders. The measurements are carried only 
for 7% wt carbide reinforced composite powders to show the surface area evolution 
during MA. The surface area for as received Al powder was 4.57 m2/g. In 
concordance with particle size distributions, firstly the surface area of composite 
powders decreased after 1h of MA, due to the particle size increase in the initial 
stage. However the surface area of powders increase with the increase of MA time as 
seen from table 4.3 and table 4.4 also in concordance with the decrease in average 
particle sizes.      
Table 4.3: BET surface area measurements of MA’d Al-2% Cu-7% WC (wt%) 
           powders. 
Sample Code Surface Area (m2/g) 
AC7W-MA1H 2.39 
AC7W-MA2H 2.63 
AC7W-MA3H 2.69 
AC7W-MA5H 2.73 
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Table 4.4: BET surface area measurements of MA’d Al-2% Cu-7% Mo2C (wt%) 
          powders. 
Sample Code Surface Area (m2/g) 
AC7M-MA1H 2.11 
AC7M-MA2H 2.63 
AC7M-MA3H 2.78 
AC7M-MA5H 2.89 
4.2.3 DSC analyses  
Differential scanning calorimetry analyses of MA’d Al-Cu-WC powders are given in 
figure 4.10a, b, c.  
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Figure 4.10a: DSC curves of MA’d Al-2% Cu-3% WC (wt%) powders. 
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Figure 4.10b: DSC curves of MA’d Al-2% Cu-5% WC (wt%) powders. 
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Figure 4.10c: DSC curves of MA’d Al-2% Cu-7% WC (wt%) powders. 
As seen from figure 4.10a, b, c 5h MA’d Al-Cu-WC composite powders show two 
low intensity and broad exothermic peaks one between 390 and 460 oC and second 
between 460 and 540 oC. However as the MA time decreases the temperature period 
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shifts to the right. For instance for 1h MA, the second exothermic peak shifted to 
510-560 oC additionally the first exothermic peak seems to be invisible. This is quite 
evident because of the amount energy stored in MA’d powders increase with the 
increase of MA duration. The stored energy decreases the activation energy required 
to start a reaction and hence the exothermic peaks shifted to left with an increase in 
MA time. 
Figure 4.11a, b, c shows the differential scanning calorimetry analyses of MA’d Al-
Cu-Mo2C powders.  
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Figure 4.11a: DSC curves of MA’d Al-2% Cu-3% Mo2C (wt%) powders. 
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Figure 4.11b: DSC curves of MA’d Al-2% Cu-5% Mo2C (wt%) powders. 
100 200 300 400 500 600
 
H
ea
t F
lo
w
 (a
.u
.)
Temperature (oC)
 AC7M-MA1H
 AC7M-MA2H
 AC7M-MA3H
 AC7M-MA5H
 
Figure 4.11c: DSC curves of MA’d Al-2% Cu-7% Mo2C (wt%) powders 
Differently from Al-Cu-WC system, Al-Cu-Mo2C system shows one endothermic 
peak and one exothermic peak in DSC analyses as seen from figure 4.11a, b, c. For 
5h MA’d powders, two low intensity and broad DSC peaks were observed; the 
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endothermic one between 370 and 430 oC and the exothermic between 430 and 520 
oC. Similar to the Al-Cu-WC system, the decrease in MA time results in a 
temperature period shift to right. The two peaks were shifted to 390-430 oC and 510-
550 oC respectively for 1h MA’d powders because of the smaller amount of stored 
energy.  
Figure 4.12 shows the DSC analyses of 5h MA’d Al-2% Cu-7% WC and Al-2% Cu-
7% Mo2C (wt%). A clear and obvious identification of DSC peaks were performed 
by taking the derivatives of the DSC curves of 5h MA’d powders as shown in figure 
4.13. 
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Figure 4.12: DSC curves of 5h MA’d Al-2% Cu-7% WC and Al-2% Cu-7% Mo2C  
          powders. 
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Figure 4.13: Derivatives of DSC curves of MA’d Al-2% Cu-7% WC and Al-2% Cu- 
          7% Mo2C powders. 
Previously it has been explained that 5 h MA’d powders have two DSC peaks. 
However as seen from figure 4.13 both powder systems have one more DSC peak 
between 170 and 210 oC (peak 1). As seen from figure 4.12, 5h MA’d Al-2% Cu-7% 
WC powders has two low intensity and broad exothermic peaks one between 390 and 
460 oC (event 1) and second between 460 and 540 oC (event 2) and Al-2% Cu-7% 
Mo2C show one endothermic peak between 370 and 430 oC (event 1) and a 
exothermic peak between 430 and 520 oC (event 2). The previously stated DSC 
peaks were labelled as event 1 and event 2 in figure 4.12 but they are corresponding 
to peak 2 and peak 3 respectively in figure 4.13. On the basis of DSC curves, three 
experiments were performed to reveal the events that caused to the peak 1, 2 and 3 in 
figure 4.13. Firstly the 5h MA’d powders were annealed at 300oC, 450 oC and 550 oC 
and afterwards they were investigated with X-ray diffraction. Figure 4.14a, b show 
the XRD patterns of 5h MA’d powders after annealing and the 5h MA’d powders 
after analysed in DSC device. 
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Figure 4.14a: XRD patterns of annealed and analysed 5h MA’d Al-2% Cu-7% WC  
powders with DSC. 
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Figure 4.14b: XRD patterns of annealed and analysed 5h MA’d Al-2% Cu-7%  
Mo2C powders with DSC. 
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As clearly seen from figure 4.14a for Al-Cu-WC system, comparing to non-annealed 
5h MA’d powders (pattern a), only Al2Cu peaks (Body Centered Tetragonal crystal 
structure, I4/mcm space group and lattice parameters of a=b=6.067 Å, c=4.877 Å) 
were newly formed after annealing at 300oC (pattern b) and 450 oC (pattern c) 
whereas Al12W peaks (Body Centered Cubic crystal structure, Im3 space group and 
lattice parameters of a=b=c=7.5803 Å) with Al2Cu and WO3 peaks were newly 
observed after annealing at 550 oC (pattern d). Additionally Al2Cu, Al12W peaks 
were both identified after DSC investigation as given with the pattern (e) in figure 
4.14a. Concerning figure 4.14b for Al-Cu-Mo2C system, Mo2C and Al2Cu peaks 
were observed after annealing at 450 oC (pattern c) whereas Al2Cu, Al12Mo (Body 
Centered Cubic crystal structure, Im3 space group and lattice parameters of 
a=b=c=7.573 Å)  and MoO3 peaks were identified after annealing at 550 oC (pattern 
d). Furthermore also in this sytem Al2Cu and Al12Mo peaks were both present after 
DSC investigation as seen from pattern (e). There was no phase transformation 
observed in Al-Cu-Mo2C system after annealing at 300oC.  
The XRD pattern (b) in figure 4.14a confirms that there was no phase transformation 
in Al-Cu-WC powders up to 300 oC instead of the formation of Al2Cu. Considering 
this observation, it can be concluded that the first peak (peak 1) seen in figure 4.13 
was because of the precipitation of Al2Cu intermetallic that should have occurred 
between 170 and 210 oC. Although the Al2Cu phase was not identified in Al-Cu-
Mo2C system after annealing at 300 oC (pattern b in figure 4.14b), the same 
conclusion can still be valid for this system. The lack of Al2Cu peaks in the XRD 
pattern is probably because of the annealing conditions applied to powders or 
because of the very low amount of Al2Cu compound formed. Although, peak 1 is not 
visible in figure 4.12 for both powders, Fogagnolo et al. (2006) reported on a similar 
exothermic peak which was observed in Al-4.5 wt% Cu system. According to their 
study, the intermetallic compound Al2Cu, precipitated in 10h MA’d powders 
between 160 and 230 oC which corresponds to an exothermic peak in the DSC curve 
(Fogagnolo et al., 2006). Similarly, peak 1 shown in figure 4.15 in the present study 
corresponds to the exothermic precipitation of Al2Cu intermetallic in both systems.    
The XRD patterns (pattern c) in figure 4.14a-b confirm that there was no phase 
transformation in the powders up to 450 oC instead of the formation of Al2Cu which 
was occured before, between 170-210 oC. Considering this observation, the second 
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peak (peak 2) was possibly because of the recovery process that should have occured 
between 390 and 460 oC and 370-430 oC for Al-Cu-WC and Al-Cu-Mo2C systems 
respectively, as the 5h MA’d powders shows a very deformed structure after ball 
milling. On the other hand, the peaks of XRD pattern that belong to powders after 
annealing at 450 oC, have bigger full width length maxima values compared with the 
pattern of non-annealed powders which means that the crystalline size increased and 
the lattice strain decreased as a result of recovery. However, it must be noted that the 
second peak (peak 2) for Al-Cu-Mo2C is endothermic. Therefore, with the 
exothermic recovery process, there must be another endothermic reaction which will 
result in a total endothermic reaction and hence a endothermic peak. The possible 
endothermic reaction here is the decomposition of Mo2C. Indeed figure 4.13 showed 
that the event caused to the peak 2 starts at 430 oC and during annealing at 450 oC it 
is the decompostion of Mo2C that started. The evidence of this is the formation of 
MoO3 compound during annealing at 450 oC. The free Mo released from the 
decomposition reaction reacted with oxygen during the rapid cooling of powders and 
hence MoO3 phase was also identified in the XRD pattern of Al-Cu-Mo2C system 
after annealing at 450 oC. Therefore it can be concluded that the total endothermic 
event of recovery process and the decomposition of Mo2C resulted in an endothermic 
peak in the DSC scan of 5h MA’d Al-2% Cu-7% Mo2C (wt%) powders. 
XRD patterns (pattern d) in figure 4.14a, b show that during annealing at 550 oC, the 
powders underwent a phase transformation by the means of decomposition of 6B 
transition metal carbides and formation of free tungsten and molybdenum (W and 
Mo) which was followed with the formation of Al12W and Al12Mo intermetallic 
compounds. Thus, regarding to XRD pattern and Al-W and Al-Mo phase diagrams 
(Tonejc, 1972; Saunders 1997), it can be deduced that a chain of chemical reactions 
occurs during annealing at 550 oC which can be expressed as following; 
WC à W + C                    (4.1) 
12 Al + W à Al12W                            (4.2) 
Mo2C à 2Mo + C                   (4.3) 
12Al + Mo à Al12Mo                  (4.4)  
The XRD patterns (pattern d) in figure 4.14a, b prove that Al12W and Al12Mo 
intermetallics precipitated after annealing at 550 oC. Consequently peak 3 seen in 
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figure 4.13 between 460-540 oC corresponds to the exothermic precipitation of 
Al12W which was also proven by the absence of Al12W peaks in XRD pattern (d) in 
figure 4.14a. Similarly peak 3 observed in figure 4.13 between 430-520 oC occured 
as a result of the precipitation reaction of Al12Mo that was also confirmed by the 
absence of Al12Mo peaks in XRD pattern (d) in figure 4.14b. It is likely that the 
reaction product, free W and Mo in both systems, has reacted with oxygen during the 
rapid quenching of the powders in air atmosphere after annealing and formed WO3 
and MoO3 compound which can be observed from the patterns of powders annealed 
at 550 oC in figure 4.14a, b. 
4.2.4 Mechanical characterization 
The Vickers hardness values of MA’d powders are given in figure 4.15a, b. It is 
obvious that with the increase in mechanical alloying time, microhardness values 
increase due to the refinement and dispersion strengthening in powders. It was 
formerly explained that with the increase of MA time, the carbide particles 
incorporated to the matrix and a fully composite structure formed. As a result of the 
formation of new hardened powders, the microhardness of the powders also 
increases (Ruiz-Navas et al., 2006). This microstructural evolution of powders during 
MA duration was clearly visible in the SEM images above. Additionally the 
microhardness values are increasing with the increase of reinforcement amount as 
seen from figure 4.15a-b. More carbide particles are incorporated to the base matrix 
and consequently the hardness increases. 
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Figure 4.15a: Microhardness measurements of MA’d Al-Cu-WC powders. 
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Figure 4.15b: Microhardness measurements of MA’d Al-Cu-Mo2C powders. 
The microhardness values together with standart deviations are given in appendix C 
with table C.1 and table C.2. The standart deviations are high due to the 
inhomegenous distribution of cracks and pores in the structure. Also the particle size 
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distributions of powders for 1h, 2h and 3h of MA are bimodal which also increase 
the standart deviation of microhardness measurements. 
4.3 Characterization of Compacted Samples 
The green compacts were prepared by the pressing of MA’d powders. green 
compacts were characterized by relative density measurements. The calculated 
densities and relative densities are given in table 4.5 and table 4.6.   
Table 4.5: Relative green densities of Al-Cu-WC composites. 
Sample Code Density (g/cc) Relative Density (%) 
AC3W-MA1H 2.23 81.64 
AC3W-MA2H 2.11 77.3 
AC3W-MA3H 2.03 74.36 
AC3W-MA5H 1.99 73.1 
AC5W-MA1H 2.24 80.72 
AC5W-MA2H 2.14 77.15 
AC5W-MA3H 2.08 75.11 
AC5W-MA5H 2.02 72.8 
AC7W-MA1H 2.25 79.7 
AC7W-MA2H 2.15 76.2 
AC7W-MA3H 2.07 73.47 
AC7W-MA5H 2.00 70.95 
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Table 4.6: Relative green densities of Al-Cu-Mo2C composites. 
Sample Code Density (g/cc) Relative Density (%) 
AC3M-MA1H 2.27 83.74 
AC3M-MA2H 2.13 78.34 
AC3M-MA3H 2.08 76.6 
AC3M-MA5H 1.99 73.3 
AC5M-MA1H 2.26 82.07 
AC5M-MA2H 2.16 78.47 
AC5M-MA3H 2.11 76.78 
AC5M-MA5H 2.06 74.92 
AC7M-MA1H 2.29 81.93 
AC7M-MA2H 2.19 78.5 
AC7M-MA3H 2.12 75.97 
AC7M-MA5H 2.03 72.8 
Relative densities for green compacts are decreasing with the increase of MA time as 
seen from table 4.5 and table 4.6. At the initial stages of MA process the powders are 
still soft and have a broad range of particle size distribution, hence the vacancies 
between the powders are filled easily by pressing. However, the work hardening of 
the powders and the narrow size distribution obtained with higher milling times 
decrease the compressibility of the composite powders and hence diminish the filling 
of vacancies which resulted in smaller green densities (Fogagnolo et al., 2003). 
4.4 Characterization of Sintered Samples 
Sintered samples were characterized by density measurements, XRD, SEM and 
optical microscope investigations. Furthermore microhardness tests were carried out 
for mechanical characterization. 
4.4.1 Density measurements 
The density measurements of the sintered samples were given in table 4.7 and table 
4.8. 
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Table 4.7: Sintered and relative densities of Al-Cu-WC composites. 
Sample Code Sintered Density (g/cc) Relative Density (%) 
AC3W-MA1H 2.43 89.25 
AC3W-MA2H 2.46 90.35 
AC3W-MA3H 2.5 91.85 
AC3W-MA5H 2.4 88.2 
AC5W-MA1H 2.46 88.6 
AC5W-MA2H 2.47 89.03 
AC5W-MA3H 2.51 90.43 
AC5W-MA5H 2.59 93.53 
AC7W-MA1H 2.48 88.05 
AC7W-MA2H 2.55 90.4 
AC7W-MA3H 2.57 91.03 
AC7W-MA5H 2.63 93.3 
Table 4.8: Sintered and relative densities of Al-Cu-Mo2C composites. 
Sample Code Sintered Density (g/cc) Relative Density (%) 
AC3M-MA1H 2.40 88.53 
AC3M-MA2H 2.44 89.83 
AC3M-MA3H 2.4 88.37 
AC3M-MA5H 2.44 89.68 
AC5M-MA1H 2.36 85.74 
AC5M-MA2H 2.49 90.33 
AC5M-MA3H 2.58 93.67 
AC5M-MA5H 2.50 90.87 
AC7M-MA1H 2.30 82.34 
AC7M-MA2H 2.43 87.12 
AC7M-MA3H 2.47 88.4 
AC7M-MA5H 2.37 84.74 
Relative densities of sintered samples are increasing with the increase of MA time 
varying from 88.05% to 93.53% for Al-Cu-WC system and 84.74% to 93.67% for 
Al-Cu-Mo2C system. The more work hardening and cold work energy obtained with 
higher MA durations enhances densification during sintering process. Additionally 
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smaller particle sizes obtained with longer MA increase the surface area and 
interaction between the powders which promote to reach high sintering densities. 
However for Al-Cu-Mo2C system, there is no significant increase in density values 
with the increase of MA time. This is probably due to the low compressibility 
character of Mo2C particles and MA process does not have a significant effect on the 
densification of Mo2C containing samples.   
Furthermore the sintered densities also increased compared with green densities 
increased. It is clearly shown that the sintering time, temperature and MA times 
chosen in the present study are giving unique density values for the ductile-brittle 
systems in the present study as well as the highest sintered densities observed are in 
5h MA’d Al-2% Cu-5% WC sample as 93.3% and 3h MA’d Al-2% Cu-5% Mo2C 
sample as 93.67%. 
4.4.2 Phase analyses and microstructural characterization 
Figure 4.16a, b, c show the XRD patterns of MA’d Al-Cu-WC samples sintered at 
650 oC.  
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Figure 4.16a: XRD patterns of sintered Al-2% Cu-3% WC (wt%) samples. 
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Figure 4.16b: XRD patterns of sintered Al-2% Cu-5% WC (wt%) samples. 
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Figure 4.16c: XRD patterns of sintered Al-2% Cu-7% WC (wt%) samples. 
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It has been depicted in DSC analysis section of present report that the powders 
undergo several phase transformations by the means of intermetallic formations. As 
well matching with DSC analyses of powders, it is clearly seen from figure 4.16a, b, 
c that Al12W and Al2Cu intermetallics are present in all of the sintered samples for 
Al-Cu-WC system, which have the same Bravais lattices, space groups and lattice 
parameters as given for these compounds formerly in DSC analyses section. It is 
obvious from figure 4.16a, b, c that WC peaks are still present after sintering which 
shows that there is still some amount of WC remained without decomposition after 
sintering. 
The XRD patterns of MA’d Al-Cu-Mo2C samples sintered at 650 oC are given in 
figure 4.17a, b, c. 
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Figure 4.17a: XRD patterns of sintered Al-2% Cu-3% Mo2C (wt%) samples. 
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Figure 4.17b: XRD patterns of sintered Al-2% Cu-5% Mo2C (%wt) samples. 
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Figure 4.17c: XRD patterns of sintered Al-2% Cu-7% Mo2C (wt%) samples. 
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It is seen from figure 4.17a, b, c that in Al-Cu-Mo2C system, Al12Mo and Al2Cu 
intermetallics are observed in all of the samples which can be defined with the same 
Bravais lattices, space groups and lattice parameters given in the DSC section. 
Diferently from Al-Cu-WC system, in Al-Cu-Mo2C system, Mo2C peaks totally 
disappeared after sintering which means that there is no remaining Mo2C in the 
system and all the Mo2C decomposed during sintering.  
Regarding to the XRD patterns of both systems, the peak intensities of Al12W and 
Al12Mo intermetallics are increasing with the increase of MA time. With longer MA 
durations, higher milling energy which is transferred to powders, accelerates 
decomposition of WC and Mo2C and hence more intermetallic formation occurs 
(Suryanarayana, 2001). Consequently, the amount of Al12W and Al12Mo 
intermetallics are increasing with the increase of milling time also resulting in more 
intense XRD peaks.       
On the basis of XRD pattern shown in figure 4.16a, b, c and figure 4.17a, b, c, the 
reactions occurred during sintering which resulted in the formation of intermetallic 
compounds can be summarized as following: 
WC à W + C                     (4.5) 
12 Al + W à Al12W                            (4.6) 
Mo2C à 2Mo + C                   (4.7) 
           12Al + Mo à Al12Mo (4.8)                 
2 Al + Cu à Al2Cu                   (4.9) 
On the other hand it is very hard to determine whether there is a reaction of the free 
carbon released from reaction (1) and (3) to form Al4C3 or it escapes out as COx gas. 
However the amount of free carbon is small as well as changing from 0.43% to 
0.18% wt and all the sintered samples show weight losses changing from 0.3 % to 
0.5 % wt, which supports that the free carbon formed COx gases and leaved the 
system.  
The phase transformations occurred during sintering, resulted in the formation of 
Al12X and Al2Cu intermetallics where X is a 6B metal carbide either W or Mo in the 
present study. The newly formed intermetallics are identified in all of the samples 
and the amount of the intermetallics are higher in 7wt% reinforced samples. On the 
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basis of these observations 1h and 5h MA’d samples were chosen with 7wt% of 
reinforcement for SEM investigations.  
Figure 4.18 and figure 4.19 show the SEM images of sintered 1h and 5h MA’d Al-
2% wt Cu-7% wt WC (wt%) and Al-2% wt Cu-7% wt Mo2C (wt%) samples 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.18: SEM images of sintered Al-2% wt Cu-7% wt WC (wt%) composites            
(a) and (b) MA’d 1h, (c) and (d) MA’d 5h. 
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Figure 4.19: SEM images of sintered Al-2% wt Cu-7% wt Mo2C (wt%) composites   
           (a) and (b) MA’d 1h, (c) and (d) MA’d 5h. 
On the basis of different contrasts in SEM images of samples, EDS measurements 
have been taken from different areas. Regarding to the EDS measurements for 
images in figure 4.18, darker and mottled areas consist of Al and grey areas with 
irregular shapes consist of Al12W phase. Additionally, EDS results showed that dull 
grey areas (marked as 1) in figure 4.18b consist of 77 % wt Al and 23 %wt W, 
whereas in figure 4.18d (marked as 1) the amounts are 75 %wt Al, 25 %wt W which 
are close to the stoichiometric ratios of Al and W in Al12W. The EDS measurements 
for images in figure 4.19 showed similar results in the Al-Cu-WC system and dark, 
mottled areas consists of Al whereas dull, grey areas with random shapes consist of 
Al12Mo phase. Furthermore in figure 4.19d, dull grey areas (marked as 1) have 85 
%wt Al, 15 %wt Mo which is quite close to the stoichiometric ratios of Al and Mo in 
Al12Mo. 
Nevertheless, it is hard to investigate the second intermetallic Al2Cu compound with 
the EDS measurements due to the very small amount of Cu in the present alloy 
systems as well as 2 %wt. However in figure 4.18b and figure 4.19d the dull, fine 
areas consists of 10 %wt of Cu and 90 %wt of Al and a very small amount of Al2Cu 
Al12Mo 
 
Al 
Al12Mo 
 
Al12Mo 
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(b) 
(c) 
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phase was observed as precipitated in the matrix. Furthermore, the spherical shaped 
black areas are mainly pores and the branched ones are cracks. 
As seen from figure 4.18 and figure 4.19, it is obvious that MA has an effect on the 
microstructures of the sintered samples. Al12W and Al12Mo intermetallics are clearly 
identified in all of the samples. Furthermore by comparing figure 4.18a, b to figure 
4.18c, d and figure 4.19a, b to figure 4.19c, d it is seen that the amount of Al12W and 
Al12Mo increased in 5h MA’d samples compared with 1h MA’d samples as expected 
from the XRD patterns in previous section. Additionally, comparing figure 4.18a, b 
and figure 4.18c, d, the grain size of Al12W intermetallic decreased from 4-7 mm to 
2-7 mm respectively for 1h of MA’d sample and 5h MA’d sample. Similarly 
comparing figure 4.19a, b and figure 4.19c, d, the grain size of Al12Mo decreased 
from 6-8 mm to 3-6 mm respectively for 1h of MA’d sample and 5h of MA’d sample. 
The pore size does not change significantly with the increase of MA time for both 
systems and changes between 0.5 to 1 mm. With the increase of MA time, the 
intermetallics distributed more homogenously as it is compared for 1h and 5h MA’d 
samples from figure 4.18 and figure 4.19 respectively. However, the sizes of 
distributed intermetallics are not uniform which makes the microstructures 
inhomogeneous especially obvious from figure 4.18b, c and figure 4.19a, c for 1h 
MA’d samples and 5h MA’d samples.  
Considering the SEM images of sintered samples, it is confirmed that the 
decomposition of WC and Mo2C in present alloy systems led to the formation of 
Al12W and Al12Mo intermetallic precipitations in the samples. As well matching with 
XRD patterns, no remaining Mo2C observed in SEM images. Additionally the 
remaining WC which is present in XRD patterns, cannot be identified in SEM 
images or determined in EDS measurements probably because of its low amount 
after decomposition. As it is predicted from Al-Cu phase diagram (Aravind et al., 
2004) Al2Cu intermetallic is also formed which is barely observable in figure 4.18d 
and figure 4.19d.  
Figure 4.20 shows the optical microscope images of sintered Al-Cu-WC and Al-Cu-
Mo2C samples. 
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Figure 4.20: (contd) Optical microscope images of sintered samples (a)AC3W-   
                      MA1H, (b) AC3W-MA5H, (c) AC5W-MA1H, (d) AC5W-MA5H,  
           (e) AC7W-MA1H, (f) AC7W-MA5H, (g) AC3M-MA1H, (h) AC3M- 
                      MA5H, (i) AC7M-MA1H, (j) AC7M-MA5H. 
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Figure 4.20: (contd) Optical microscope images of sintered samples (a)AC3W-   
                      MA1H, (b) AC3W-MA5H, (c) AC5W-MA1H, (d) AC5W-MA5H,  
           (e) AC7W-MA1H, (f) AC7W-MA5H, (g) AC3M-MA1H, (h) AC3M- 
                      MA5H, (i) AC7M-MA1H, (j) AC7M-MA5H. 
The optical microscope images are consistent with the SEM images of the samples. 
The Al12W intermetallics have been identified as dull grey areas whereas Al12Mo 
intermetallis were seen in dark grey areas. However the distribution of pores and 
cracks are not uniform which makes the structure inhomogeneous. Furthermore in 
concordance with the SEM images the distribution of the intermetallics seem to be 
homogeneous but the grain size of the intermetallics change which is also making the 
structure inhomogeneous. 
4.4.3 Hardness measurements   
Figure 4.21a, b shows the Vickers hardness measurements of sintered Al-Cu-WC and 
Al-Cu-Mo2C samples. The Vickers microhardness values and standart derivations of 
the samples are given in appendix D with table D.1 and table D.2. From figure 4.21a, 
b, it is obvious that sintered microhardness values are increased with the increase of 
MA time. The microhardness values are also increasing with the increase in 
reinforcement amount. For the case of powders, with the increase of MA time, more 
WC particles incorporate into the Al matrix and consequently the microhardness 
(i) (j) 
(h) (g) 
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increases. However after sintering, the formation of Al12W, Al12Mo and Al2Cu 
compounds and distribution of these intermetallics in the sintered composites are the 
main effect for the microhardness increase in sintered samples. As the reinforcement 
amount increase, amount of intermetallics also increases and hence microhardness 
increases. Additionally XRD patterns in figure 4.16a, b, c, figure 4.17a, b, c and 
SEM images in figure 4.18, figure 4.19 showed that the amount of Al12W and 
Al12Mo increases with the increase of MA time. Furthermore, it was shown in SEM 
images that the intermetallics were distributed more homogenously with the  increase 
in milling time. However the sizes of distributed intermetallics were not uniform in 
the sintered samples which is the main reason for observing standard deviations 
changing from 4 to 11 as shown in table D.1 and table D.2.  
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Figure 4.21a: Microhardness values of Al-Cu-WC composites. 
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Figure 4.21b: Microhardness values of Al-Cu-Mo2C composites. 
In the present study, the highest hardness values observed for Al-Cu-WC system are 
as following: 262.4 HV for powder form and 201 HV for sintered composites and for 
Al-Cu-Mo2C system: 279.4 HV for powder form and 264.6 HV for sintered 
composites. By comparing table C.1 to table D.1 and table C.2 to table D.2, it is 
evident that powder microhardness values are decreased after sintering except 1h and 
2h of MA time in Al-2%Cu-7% WC (%wt) and Al-2%Cu-5%Mo2C (%wt). The main 
reason for this observation is the grain growth of powders after sintering. The newly 
formed Al12W and Al12Mo intermetallic grains are bigger than the grain sizes of 
distributed carbide particles in powder form. Additionally the hardness values of WC 
and Mo2C in powder composites are higher than the hardness values of Al12W and 
Al12Mo intermetallics in sintered samples. Moreover there is no significant 
microhardness increase between sintered samples with different MA times. As 
explained formerly, the dominating effect for microhardness changes in the present 
study is the formation of new intermetallic compounds after sintering. Regarding to 
this observation, small increases of microhardness are probably due to the small 
increase in the amount of Al12W and Al12Mo intermetallic in longer MA’d samples. 
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Additionally comparing the microhardness values of Al-Cu-WC system to Al-cu-
Mo2C, it is seen that the microhardness values are higher for Al-Cu-WC system. It 
has been formerly explained that there were still some remaining WC without 
decomposition in the Al-Cu-WC system and furthermore the remaining amount is 
predicted to be very small. Whereas all of the Mo2C is predicted to be decomposed 
and all free Mo reacts with Al to form Al12Mo. Also similar quantities of free W and 
Mo released during sintering which means that Al12Mo percentage is higher in Al-
Cu-Mo2C system than the Al12W amount in Al-Cu-WC system. Furthermore the 
hardness values of these distributed metallics are close to each other. Considering all 
of the explained above, the microhardness values of Al-Cu-Mo2C samples are higher 
than the microhardness values of Al-Cu-WC system.   
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5. CONCLUSIONS 
On the basis of the observations and results depicted in the present study, the 
following conclusions can be stated; 
1. Two factors; cold welding and fracturing have been effective on the evaluation of 
particle size and morphologies during MA of Al-Cu-WC and Al-Cu-Mo2C 
powders. The initial stage was dominated by cold welding and particle size 
increases, whereas continuous deformation of powders resulted in formation of a 
composite powder which was followed by the fracturing of powders and the 
decrease of particle size. After 5h of MA the particle sizes were unilateral and 
fully composite powder structures were obtained. 
2. There was no phase transformation observed during the MA of Al-Cu-WC and 
Al-Cu-Mo2C powders. Al, WC and Cu peaks were present in Al-Cu-WC system 
and Al, Mo2C and Cu peaks were present in Al-Cu-Mo2C system after 1h, 2h and 
3h of MA. However Cu peaks disappeared after 5h of MA. Cu diffusion into Al 
lattice during MA resulted in the formation of supersaturated solid solution of Cu 
in Al and to the disappearance of Cu peaks. It is shown that MA durations in the 
present study is a successful way to prepare supersaturated solid solutions of Cu 
in Al. 
3. The peaks were broadened with the increase in MA time due to refinement of the 
powders and decrease in crystallite size. Continuous deformation of powders 
resulted in the work hardening and also to an increase in lattice strain. 
4. Particle size measurements confirmed that cold welding and fracturing of 
powders occurred simultaneously which were causing bimodal particle size 
distribution curves. However the average particle sizes decreased with the 
increase in MA time and the particle size distributions were narrowed after 5h of 
MA and become unilateral. BET measurements were also consistent with particle 
size distributions and the surface area increased with the increase in MA time and 
decrease in average particle size.    
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5. DSC analyses showed that Al2Cu intermetallic precipitated between 170-210oC. 
Additionally a chain reaction occured after 450 oC in both systems, starting with 
the decomposition of WC to W and C and Mo2C to Mo and C subsequently 
continued with the reaction of free W and Mo with Al to form Al12W and Al12Mo 
intermetallics. 
6. Microhardness values of the powders were increased with the increase in MA 
time due to work hardening of the powders. More carbide particles incorporated 
to the matrix as a result of continuous milling process.  
7. XRD patterns and SEM images showed that Al2Cu and Al12W intermetallics in 
Al-Cu-WC system and Al2Cu and Al12Mo intermetallics in Al-Cu-Mo2C system 
were present at every sample after sintering. The grain sizes of distributed 
intermetallics are not uniform in the samples but the amount of intermetallic 
phases increases with the increase of MA time. Both Al12W and Al12Mo showed 
similar crystal structures, lattice parameters, morphologies and similar XRD 
patterns.  
8. Bulk densities of the samples after sintering varies between 88.05%-93.3% for 
Al-Cu-WC samples and 82.34%-93.67% for Al-Cu-Mo2C samples with the 
maximum density obtained in 7% wt reinforced samples after 5h of MA. 
9. Microhardness of the sintered samples increased with the increase in MA time 
due to the increase in the amount of Al12W and Al12Mo intermetallics with 
increasing MA duration. Microhardness values changes between 118.2 to 201 
HV for Al-Cu-WC system and 152.9 to 264.6 HV for Al-Cu-Mo2C system with 
the highest microhardness values corresponding to 5h of MA with 7% wt 
reinforcement. 
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APPENDICES 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1a: Optical microscope images of MA’d Al-2% Cu-3% WC (wt%)    
            powders (a) and (b) MA’d 1h, (c) and (d) MA’d 5h. 
 
 
 
 
 
 
 
 
APPENDIX A : Optical Microscope Images of MA’d, 3wt% and 5wt%    
                            Reinforced Al-Cu-WC and Al-Cu-Mo2C Powders.  
(c) (d) 
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Figure A.1b: Optical microscope images of MA’d Al-2% Cu-5% WC (wt%)     
                       powders (a) and (b) MA’d 1h, (c) and (d) MA’d 5h. 
 
 
 
 
 
 
 
 
 
 
 
Figure A.2a: Optical microscope images of MA’d Al-2% Cu-3% Mo2C (wt%)  
           powders (a) and (b) MA’d 1h, (c) and (d) MA’d 5h. 
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Figure A.2b: Optical microscope images of MA’d Al-2% Cu-5% Mo2C (wt%)  
           powders (a) and (b) MA’d 1h, (c) and (d) MA’d 5h. 
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APPENDIX B : Particle Size Distributions of MA’d Al-Cu-WC and Al-Cu-Mo2C 
      Powders. 
 
 
 
 
 
 
 
 
 
 
           
 
 
 
 
 
 (a)           (b) 
 
 
 
 
 
 
   
 
 
 
 
 
 
 
 
 (c)           (d) 
Figure B.1a: Particle size distributions of MA’d Al-Cu-WC powders (a) AC3W-                    
  MA1H, (b) AC3W-MA5H, (c) AC5W-MA1H, (d) AC5W-MA5H. 
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 (c)          (d) 
Figure B.1b: Particle size distributions of MA’d Al-2% Cu-7% WC (wt%) powders  
           MA’d for (a) 1h,  (b) 2h, (c) 3h, (d) 5h. 
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      (c)          (d) 
Figure B.2a: Particle size distributions of MA’d Al-Cu-Mo2C powders (a) AC3M-  
  MA1H, (b) AC3M-MA5H, (c) AC5M-MA1H, (d) AC5M-MA5H. 
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Figure B.2b: Particle size distributions of MA’d Al-2% Cu-7% Mo2C (wt%)      
                       powders MA’d for (a) 1h,  (b) 2h, (c) 3h, (d) 5h. 
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APPENDIX C : Microhardness Values of MA’d Al-Cu-WC and Al-Cu-Mo2C                   
       Powders with Standart Deviations. 
Table C.1: Microhardness values of MA’d Al-Cu-WC powders with standart    
        deviations. 
Sample Code Microhardness (HV) Standart Deviation 
AC3W-MA1H 155.6 ± 14.1 
AC3W-MA2H 162.93 ± 17.2 
AC3W-MA3H 180.47 ± 15.6 
AC3W-MA5H 190.13 ± 14.4 
AC5W-MA1H 172.13 ± 15.3 
AC5W-MA2H 175.27 ± 9.9 
AC5W-MA3H 193.47 ± 9.9 
AC5W-MA5H 226 ± 13.4 
AC7W-MA1H 178.47 ± 15.2 
AC7W-MA2H 184.73 ± 8.4 
AC7W-MA3H 212.13 ± 14.1 
AC7W-MA5H 266.93 ± 12.15 
Table C.2: Microhardness values of MA’d Al-Cu-Mo2C powders with standart    
        deviations. 
Sample Code Microhardness (HV) Standart Deviation 
AC3M-MA1H 164.6 ± 9.8 
AC3M-MA2H 176.67 ± 14.4 
AC3M-MA3H 199.07 ± 14.5 
AC3M-MA5H 217.07 ± 15.5 
AC5M-MA1H 175.2 ± 10.3 
AC5M-MA2H 188.5 ± 8.6 
AC5M-MA3H 217.53 ± 16 
AC5M-MA5H 263.7 ± 12.8 
AC7M-MA1H 189.8 ± 6 
AC7M-MA2H 197.9 ± 10.9 
AC7M-MA3H 226.2 ± 12.4 
AC7M-MA5H 279.4 ± 11.7 
 
 107 
APPENDIX D : Microhardness Values of Sintered Al-Cu-WC and Al-Cu-Mo2C 
                    Composite Samples with Standart Deviations. 
Table D.1: Microhardness values and standart deviations of sintered Al-Cu-WC     
        composites. 
Sample Code Microhardness (HV) Standart Deviation 
AC3W-MA1H 118.2 ± 8.0 
AC3W-MA2H 123.3 ± 8.5 
AC3W-MA3H 125.5 ± 10.6 
AC3W-MA5H 131.1 ± 6.8 
AC5W-MA1H 157.4 ± 10.9 
AC5W-MA2H 160.9 ± 6.3 
AC5W-MA3H 164.5 ± 5.8 
AC5W-MA5H 169.13 ± 9.8 
AC7W-MA1H 186.5 ± 6.6 
AC7W-MA2H 191.75 ± 9.9 
AC7W-MA3H 198.2 ± 4.8 
AC7W-MA5H 201 ± 7.5 
Table D.2: Microhardness values and standart deviations of sintered Al-Cu-Mo2C 
        composites. 
Sample Code Microhardness (HV) Standart Deviation 
AC3M-MA1H 152.9 ± 7.9 
AC3M-MA2H 165.9 ± 4.4 
AC3M-MA3H 172.6 ± 10.4 
AC3M-MA5H 180.2 ± 8.2 
AC5M-MA1H 184 ± 11.6 
AC5M-MA2H 190.9 ± 8.2 
AC5M-MA3H 196.3 ± 6.6 
AC5M-MA5H 206.1 ± 9.3 
AC7M-MA1H 234.8 ± 9.6 
AC7M-MA2H 244.5 ± 8.7 
AC7M-MA3H 253.5 ± 8.0 
AC7M-MA5H 264.6 ± 8.7 
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